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ABSTRACT 
GENETIC BASIS OF PHEROMONE-MEDIATED SEXUAL COMMUNICATION 
IN THE PINK BOLLWORM MOTH, Pectinophora gossypiella 
(LEPIDOPTERA: GELECHIIDAE) 
February 1988 
ROBERT D. COLLINS 
B.S., University of Missouri - St. Louis 
M.A., University of Missouri - St. Louis 
M.S., Michigan State University 
Ph.D., University of Massachusetts 
Directed by: Professor Ring T. Carde 
Long distance sexual communication in the pink 
bollworm moth, Pectinophora gossypiella . is based on a 
female-emitted two-component pheromone [(.Z..E)- and 
(Z,Z)-7,ll-hexadecadienyl acetate). The genetic bases of 
pheromone production and response were examined to assess 
the potential for the development of resistance to 
synthetic pheromone used as a mating disruptant. 
Male response was measured with a still-air 
wing-fanning bioassay. Heritability (h2) of wing-fanning 
duration was significant for 25 and 44% ZE blends (h2 = 
V 
0.377 _+ 0.113 and 0.385 +_ 0.095, respectively) but not for 
a 65% ZE blend (h2 = -0.145 + 0.103). 
Solvent extracts of exised pheromone glands were used 
to measure pheromone production by females. 
Heritabilities for pheromone blend and amount were 0.342 + 
0.08 and 0.410 _+ 0.089, respectively. Selection of 
females producing pheromone with a higher percentage of 
the ZE isomer resulted in an increase in mean (_+ SD) blend 
from 42.9 1.0 to 48.23 _+ 1.2 % ZE after 12 generations. 
Although significant, this change is small compared to the 
broad male response spectrum, and may be insufficient for 
the evolution of resistance to synthetic pheromone. The 
duration of wing fanning to blends with a high percentage 
of the ZE isomer was elevated in the female—selected line, 
demonstrating that signal production and response are 
influenced by the same or closely linked loci. 
Selection for females that produce more pheromone 
resulted in a rapid increase in pheromone titer (24.0 + 
8.1 to 45.8 + 7.9 ng in 6 generations). Selection for 
greater male responsiveness to a 44% ZE blend yielded an 
increase in wing-fanning duration from 5.36 + 13.65 to 
17.40 + 26.98 sec after 6 generations. Based on these 
selection responses, evolution of resistance appears more 
likely through a change in pheromone amount than through a 
change in the pheromone component ratio. 
vi 
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Chapter I 
INTRODUCTION 
The primary functions of pheromone-based 
long-distance sexual communication systems in moths are 
mate location and reproductive isolation (Carde and Baker 
1984). Males of most moth species locate females by 
flying upwind in the presence of female-emitted pheromone 
(Roelofs and Carde 1977). Reproductive isolation may be 
maintained by specificity of the pheromone component blend 
(Roelofs and Brown 1982), differences in concentration, or 
both. Pheromones used to mediate close—range courtship 
behaviors may also function in sexual selection as a 
criterion of female choice (Baker and Carde 1979b). These 
functions are clearly important to reproductive success. 
Therefore, knowledge of the genetic basis of pheromone 
communication systems is necessary for a more complete 
understanding of evolutionary forces affecting populations 
that employ these systems and the role of pheromones in 
the speciation process (White 1978). However, the genetic 
basis of intraspecific chemical communication systems has 
received little attention. 
The inheritance of signal production and response 
in chemical communication systems has been examined using 
interspecific crosses (Grant et al. 1975, Sanders et al . 
1977, Grula and Taylor 1979) and intraspecific crosses 
between populations that differ in pheromone production or 
1 
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response characters (Klun and Maini 1979, Lanier et al. 
1980, Boake and Wade 1984). Studies of other 
communication modalities have also employed inter- or 
intraspecific hybrid crosses (e.g., Bigelow 1960, Ewing 
1969, Hoy et al. 1977, Cowling and Burnet 1981, Doherty 
and Gerhardt 1983, Kyriacou and Hall 1986). However, an 
understanding of the evolution and maintenance of 
pheromone systems depends upon a knowledge of 
intrapopulation variation and its heritabi1ity. 
Moth sex pheromones are generally rather precise 
blends of two or more components produced by females 
(Roelofs and Brown 1982). Females emitting pheromone may 
enhance the likelihood of attracting a mate by using a 
blend that elicits an appropriate response from the 
greatest proportion of males. Males may similarly benefit 
by responding preferentially to the blend most commonly 
produced. Stabilizing selection could thus simultaneously 
limit variation in the blend produced and in response 
behaviors. Alternatively, males could increase their 
fitness by responding to a wide range of blends, and thus 
encounter a larger number of females. The relative impact 
of these opposing forces may depend on factors such as the 
presence of sympatric species using similar blends of the 
same pheromone components, costs of responding to 
incorrect blends, mating frequency, population density, 
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dispersal rates, and the degree of genetic interdependence 
between pheromone production and response characters. 
Despite the presumed importance of maintaining 
limited variance in the pheromone signal, there have been 
few studies documenting the extent of intrapopulational 
variation. Miller and Roelofs (1980) reported limited 
variation in pheromone component ratios in both a 
laboratory and a field population of the redbanded 
leafroller moth, Argyrotaenia velutinana (Walker). 
Similarly, low levels of variation in the pheromone blend 
produced by the pink bollworm moth, Pec tinophora 
gossypiella (Saunders), have been observed in field and 
laboratory populations (Haynes et al. 1984, Collins and 
Carde 1985). 
Evolution of pheromone systems will depend in part 
on the variation in the blend and amount of pheromone 
produced that is available to selection. However, not all 
of the observable phenotypic variation is directly 
available to selective forces. Phenotypic variance may be 
partitioned into genetic and environmental components. 
Genetically-based variance can be further partitioned into 
a non-additive component (variance due to dominance and 
epistatic interactions) and an additive component. 
Directional selection can act only on the portion of total 
phenotypic variation that is attributable to the additive 
effect of genes (Falconer 1981). Additive genetic 
variance has not been previously estimated for any aspect 
of moth pheromone communication systems. 
Pink bollworm sex pheromone. The long-distance sex 
pheromone of the pink bollworm is a blend of the (Z.,E.)- 
and (_Z,Z.)- isomers of 7 , 11-hexadecadieny1 acetate (ZE and 
ZZ, respectively) produced by females (Hummel et al. 1973, 
Bierl et al. 1974). This pheromone plays a role in 
long-distance mate-finding behavior as well as close-range 
courtship behaviors (Guerra 1968, Colwell et al. 1978). 
The mean (_+ SD) blend of pheromone components was 
44.2 2.3% ZE in pheromone gland extracts from females in 
a laboratory colony (Collins and Carde 1985). Haynes et 
al. (1984) reported mean blends of 38.3 + 4.22 and 38.1 + 
5.02 % ZE based on females collected in pheromone-treated 
and insecticide-treated fields, respectively, using an 
air-borne collection technique (Baker et al. 1981). 
The mean amount of pheromone (ZE plus ZZ) extracted 
from pheromone glands was 21.0 + 12.4 ng (Collins and 
Carde 1985). The mean amount emitted by females based on 
airborne collections from forcibly extruded glands was 
0.10 + 0.06 and 0.10 + 0.05 ng/min for females collected 
from pheromone- and insecticide-treated fields, 
respectively (Haynes et al. 1984). These two estimates 
are difficult to compare because the relationships among 
5 
the amount of air-borne pheromone that is volatilized and 
can be collected from forcibly extruded glands, the amount 
obtained from solvent extraction of excised glands, and 
the amount emitted by freely calling females is not yet 
established. The amount of pheromone collected from 
freely calling females of two arctiid species, Ho1ome1ina 
lamae (Freeman) and FI. aurantiaca (Hiibner), was about 25 
times greater than the amount collected from forcibly 
extruded glands (Schal and Carde 1985). 
The pheromone-based communication system of the 
pink bollworm is of particular interest because of the 
economic importance of this major cotton pest and the 
commercial use of synthetica11y—produced pheromone for 
mating disruption. Synthetic pheromone was first 
registered for use as a mating disruptant in the pink 
bollworm in 1978 (Doane and Brooks 1981), and is now used 
extensively in Arizona and California (Haynes et al. 
1984). Potential mechanisms by which disruption is 
accomplished include habituation or sensory adaptation, 
orientation of males to synthetic pheromone sources rather 
than to females (competition), or camouflaging of the 
female-emitted signal by synthetic pheromone (Carde 1981). 
Pheromone is released from open-ended hollow fiber or 
plastic laminate dispensers, or microcapsules (Doane and 
Brooks 1981, Henneberry et al. 1982, Hall et al. 1982). 
6 
Rapid evolution of resistance to pheromone used in 
control programs has been suggested (Beroza 1960, Roelofs 
and Comeau 1969). Mechanisms for the development of 
resistance could involve a shift in the pheromone blend, 
an elevation of the emission rate, or increased reliance 
on nonpheromonal cues in mate location (Carde 1981). 
Knowledge of these mechanisms may allow the development of 
pheromone-use strategies that retard the evolution of 
resistance or modify the disruptant system to restore 
efficacy (Croft and Hoyt 1978, Carde 1976, 1981). 
The potential for the evolution of new strains of 
the pink bollworm that are "resistant" to disruption of 
long distance communication with synthetic pheromone will 
depend on the nature and extent of available heritable 
variation in aspects of both signal production and 
response behavior. The potential for the evolution of 
resistance in the pink bollworm through a change in 
pheromone blend has been examined by comparing blends 
produced by females from fields treated for 3-5 years with 
disruptant pheromone and those from fields with only 
minimal exposure to disruptant pheromone (Haynes et al. 
1984). Although significant differences were not found, 
only southern California populations were examined. In a 
more recent study of pink bollworm populations world-wide, 
the emitted blend was consistent over time and throughout 
7 
the range of the species, but the amount of pheromone 
emitted by females was greater in areas where synthetic 
i 
pheromone has been used for mating disruption for 3-5 
years than in untreated areas (Haynes and Baker 1987). 
These data suggest that the use of synthetic pheromone may 
result in selection for increased emission rates rather 
than altered blends. 
Efficient exploitation of the pheromone 
communication modality depends on the coordination of 
signalling and receiving organisms. Several studies have 
examined male JP. gossypiella response to airborne chemical 
stimuli. Much of this work has involved field 
investigations of factors affecting the number of males 
captured in pheromone-baited traps (e.g, Flint et al. 
1977, 1978a, 1978b, 1979, Lingren et al. 1980). Male 
courtship behavior and response to pheromone have also 
been examined in laboratory studies (e.g., Guerra 1968, 
Farkas and Shorey 1972, Farkas et al. 1974, Cook et al . 
1978, Colwell et al. 1978). In contrast to the 
narrow-variance signal produced by females, male pink 
bollworms are responsive to a relatively broad range of 
pheromone blends (Flint et al. 1979, Haynes et al. 1984, 
Haynes and Baker 1987). 
The blend of pheromone components that produces the 
largest trap catch of males varies among populations from 
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several cotton-growing areas of the world, including 
Argentina, Bolivia, Brazil, India, Pakistan, Australia, 
Egypt, and the U.S. (Flint et al. 1979). Such differences 
could represent genetically-based geographic variation. 
However, interpretation of the results of field studies 
based on catches in traps baited with pheromone may be 
confounded by the interactive relationship between 
pheromone blend and concentration. Blends that vary from 
the natural blend produced by females may require 
increased concentrations in order to evoke a male response 
(Roelofs 1978). Thus, a similar response level might be 
obtained with a variety of blends by altering the stimulus 
concentration. This implies that changes in the amount of 
pheromone emitted and changes in component blend could 
produce equivalent trap catches. 
Genetics of pheromone communication. A major gene 
affecting pheromone production has been demonstrated for 
the European corn borer, Ostrinia nubilalis (Hiibner). 
There are two pheromone strains of this species. The Z 
strain uses a 97:3 ratio of (Z)- and (E)-11-tetradeceny1 
acetates, whereas the E strain employs a 4:96 ratio of the 
two phermone components (Klun et al. 1973, Kochansky et 
al. 1975). Genetic divergence between these strains has 
been demonstrated (Harrison and Vawter 1977, Carde et al . 
1978, Cianchi et al. 1980). Both univoltine and bivoltine 
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biotypes of the Z strain have been identified, and several 
combinations of voltine biotypes and pheromone strains 
have been found at the same sites in New York (Roelofs et 
a 1 . 1985). The major features of pheromone production are 
controlled by a simple one-locus, two-allele system (Klun 
and Maini 1979). Based on the 35:65 ratio produced by 
female hybrids from interstrain crosses, the allele for 
the (E_)- isomer appears to be incompletely dominant (Klun 
and Maini 1979). Backcrosses produced a 1:1 ratio of 
hybrid and parental phenotypes, supporting the 
single-locus model. 
It was initially assumed that male response was 
controlled by the same locus (Klun and Maini 1979). 
However, this assumption has been contradicted by a recent 
study showing that male response is controlled by two 
different and independent loci: olfactory cells that 
respond to pheromone are controlled by an autosomal locus 
(not linked to the blend-production locus), while 
behavioral response is controlled by a sexed-linked locus 
(Roelofs et al. 1987). Geographic variation in male 
response (based on pheromone trap catches) has also been 
reported (Klun and cooperators 1975), but a genetic basis 
for this variation has not been demonstrated. 
Although major gene effects are suggested for the 
European corn borer, quantitative, and apparently 
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polygenic bases have been reported for the pheromone 
systems of most of the other species that have been 
studied. These conclusions have been founded primarily on 
interspecific hybridization studies. Major gene effects 
have not been found in the few studies that have examined 
genetically-based intrapopulation variation in pheromone 
systems (Du et al. 1984, Boake 1985). 
Variation in pheromone communication systems that 
is presumed to have a genetic basis has been reported for 
the red flour beetle, Tribolium castaneum (Herbst). 
Populations differ in female responsiveness (Boake and 
Wade 1984), and individual males differ in the 
attractiveness of the pheromone that they produce (Boake 
1985). Heritable variation in pheromone response has also 
been demonstrated in male house flies, Musca domestica L. 
(Cowan and Rogoff 1968). However, the mode of inheritance 
was not examined in these studies. 
The genetics of sex pheromone production and 
response has been examined through interspecific hybrids 
among several Choristoneura species (Sanders et al. 1977). 
Two compounds, (E)-11-tetradecenal (Ell-14:Ald) and 
(E^)-ll-tetradecGnyl acetate (Ell — 1 4 ; A c ) are major 
pheromone components of different species in this genus. 
Pheromone produced by females from the Fj crosses was more 
attractive to males of species that produce Ell-14:Ald 
11 
than to males of species that produce Ell-l4:Ac. 
Therefore, it was suggested that the genetic factors 
controlling production of Ell-14:Ald are dominant to those 
controlling production of Ell-14:Ac. The results of field 
trapping studies have supported this suggestion (Liebhold 
et al. 1984). Epistatic interactions between autosomal 
and sex-linked loci may also be involved in the genetic 
control of this pheromone system (Sanders et al. 1977). 
The genetic basis of pheromone response in several 
species of tussock moths [ Hemerocampa leucostigma (J.E. 
Smith), _H. pseudo tsugata McDunnough, and _H. vetus ta 
(Boisduval)] has been studied (Grant et al. 1975). The 
mode of inheritance appears to be different for different 
aspects of the pheromone system. Based on hybridization 
studies, calling periodicity of female hybrids was found 
to be intermediate to either parental species. Based on 
male response, however, hybrid females appeared to produce 
pheromone more like the female parent. 
There is only limited intrapopulation variation in 
the two major pheromone components of the redbanded 
leafroller moth [(Z^)- and (_E)-11 -tetradeceny 1 acetate]. 
Mean (+ SD) pheromone blends for laboratory and field 
populations contained 7.0 + 1.4 and 9.1 + 1.8% (E)-iosmer, 
respectively (coefficient of variant = 9.7% for both 
populations) (Miller and Roelofs 1980). 
12 
The genetic basis of variation has been examined 
through selection for novel pheromone strains in a 
laboratory population of the redbanded leafroller moth (Du 
et al. 1984). A technique was developed for removing a 
portion of the pheromone gland for analysis without 
destroying the female’s ability to mate and reproduce. 
Females that produced high and low ratios were mated with 
males chosen randomly from the laboratory colony, yielding 
F^ females with means of 9.7% and 7.8% (E.)-, respectively 
[compared to a mean of 8.5% (_E)- in the parental 
generation]. Only 10% of males from the laboratory 
colony flew upwind to a 20% (_E)- blend. When these 
’’high-responding” males were mated with females that 
produced high (E.)- blends, the F^ females produced blends 
with greater than 10% (E)-isomer, and more than 90% of the 
Fj males flew upwind to the 20% (E)- blend. These data 
suggest linkage between genetic factors controlling 
pheromone production and response behaviors. Based on 
crosses between the selected lines, inheritance of ratio 
production appeared to be multifactorial, but the number 
of loci involved was not estimated. 
The sex pheromones of bark beetles have been 
studied through hybridizations between several 1ps species 
(i* amiskwiensis G. Hopping, I. pilifrons Swaine, and I_. 
borealis Swaine) (Lanier 1970). Both pheromone production 
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and response were affected about equally by genetic 
factors from both parents. Co-dominant, autosomal loci 
appear to control the pheromone systems of these species. 
Intraspecific geographic variation in pheromone 
response was demonstrated for different populations of -1ps 
pini Say (Lanier et al. 1972). Populations from eastern 
and western North America were found to produce and 
respond preferentially to pheromone produced by their own 
aggregating populations. Hybrids are intermediate in 
attractiveness to parental strains, and respond to both 
strains, but are most attracted to hybrid-produced 
pheromone (Lanier et al. 1980). Reciprocal crosses 
between strains of this beetle indicated that the genes 
affecting pheromone production and response are not 
sex-linked. 
Isolation between the sympatric sulfur butterflies, 
Colias eurytheme Boisduval and C. philodice Godard is 
maintained by both visual and pheromonal signals (Grula 
1978, Silberglied and Taylor 1978). Pheromone 
communication is based on male-produced wing compounds. 
Both species produce four straight-chain hydrocarbons, but 
C• philodice produces three esters (n-hexyl myristate, 
n-hexyl palmitate, and n-hexyl stearate) that are nearly 
absent in C. eurytheme, whereas C. eurytheme produces a 
14 
branched hydrocarbon (13-methyl heptacosane) not found in 
(1. philodice (Grula and Taylor 1979). 
Based on backcrosses and ?2 generations, production 
of the 3 esters by C.. philodice appeared to be controlled 
by one or more autosomal loci (Grula and Taylor 1979). 
However, genes controlling most aspects of mechanisms that 
isolate these two species are located on the X-chromosome. 
Production of the branched hydrocarbon in (]. philodice is 
controlled primarily by a gene(s) on the X-chromosome 
(Grula and Taylor 1979). The ultraviolet-reflectance 
pattern of male C.. eurytheme is controlled by a single 
X-linked locus (Silberglied and Taylor 1973). The 
X-chromosome also had important influences on size, 
developmental rate, and wing pigmentation and coloration 
pattern (Grula and Taylor 1980a). Based on mate-choice 
experiments, mate selection by females (presumably in 
response to X-chromosome-controlled visual and chemical 
cues) was also found to be affected by the X-chromosome 
(Grula and Taylor 1980b). Two explanations were suggested 
for the location of so many genetic factors concerned with 
reproductive isolation on the X-chromosome: (a) that 
control of these characters is by a co-adapted gene 
complex (supergene), or (b) that a gene located on the 
X-chromosome differentially regulates commonly held 
structural genes on the autosomes (Grula and Taylor 
15 
1980a). Inheritance of genes controlling a 
species-specific communication system as a co-adapted 
complex was suggested by Alexander (1962) and O’Donald 
(1962). 
In contrast to the pervasive X-chromosome influence 
demonstrated for the Co 1ias species, loci controlling the 
multicomponent courtship pheromone system of Drosophila 
melanogaster (Meigen) are distributed throughout the 
genome (Averhoff and Richardson 1976). The volatile 
component is controlled by loci on the 2nd and/or 3rd 
chromosome, whereas the nonvolatile component is 
associated with the X and/or 4th chromosome. Averhoff and 
Richardson (1976) proposed that the dispersed distribution 
of genes controlling the pheromone communication system 
may lead to linkage associations with other (nonpheromone) 
loci, increase genotype diversity, and may promote 
outbreeding through negative assortative mating (Averhoff 
and Richardson 1976). However, a rigorous theoretical 
treatment was not presented, and this proposal has not 
been experimentally tested. 
The documented chemical communication systems of 
—■P11as and Drosophila species imply that insect 
communication systems may have both variable and 
invariable components, and that different sets of genes 
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with different modes of inheritance give rise to this 
dichotomy (Grula and Taylor 1979). 
Acoustic communication. The genetic bases of 
acoustic communication systems are in many ways parallel 
to the genetic mechanisms that control pheromone systems. 
Studies of acoustic communication have primarily involved 
interspecific hybrids. Bently (1971) examined hybrids 
between two cricket species, Teleogry1lus commodus Walker 
and X* oceanicus (LeGuillou), and demonstrated the genetic 
basis of the neuronal network that controls male calling 
song. The genetic system appears to be polygenic and 
multichromosomal, with some aspects of calling affected by 
loci on the X-chromosome (Bently and Hoy 1972). Different 
features of the song are affected by genes located 
throughout the genome. 
The genetic basis of acoustical communication has 
also been examined for Drosophila species through 
interspecific hybrid crosses. Characteristics of 
male-produced courtship songs of J). pseudoobscura Frolova 
and D. persimilis Dobzhansky and Epling are controlled by 
X-linked loci, and some of these characters are inherited 
independently (Ewing 1969). Independent genetic control 
of song features also occurs in D. melanogaster and _D. 
simulans Sturtevant (Schilcher and Manning 1975). 
Reciprocal crosses between D. melanogaster and D. simulans 
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have demonstrated that some song characters are determined 
by genes on the X-chromosomal, while other characters are 
auto soma 11y inherited (Kyriacou and Hall 1986). Courtship 
sequences of these two species are also controlled 
independently, with some transitions between behaviors 
controlled autosomally (Wood et al. 1980). Genes 
controlling particular song characteristics may be 
i 
sex-linked in some species and autosomal in others. 
Chromosomal rearrangements have been suggested as the 
source of these differences (Cowling and Burnet 1981). 
Genetic and behavioral coupling. Evolutionary 
changes in pheromone-mediated communication systems will 
depend on selective forces that impinge on both pheromone 
production and response behaviors. The degree of genetic 
and behavioral coupling between factors controlling 
pheromone signal and response behaviors will greatly 
influence the rate of change in these systems (Alexander 
1962, Kyriacou and Hall 1986). 
Genetic coupling has been demonstated in both 
acoustic and pheromone-mediated systems. In one of the 
more thoroughly studied examples of acoustic 
communication, female hybrids between two closely related 
cricket species (T\ commodus and T. oceanicus) preferred 
the calls of hybrid males to the calls of either parental 
population (Hoy and Paul 1973). It was further 
18 
demonstrated that the hybrid females preferred calls of 
their hybrid brothers to the calls of hybrids from the 
reciprocal cross (Hoy et al. 1977), suggesting that the 
neuronal network controlling calling and receiving 
behaviors are determined by the same genes. Similar 
preferences by hybrid females for calls with 
characteristics intermediate to either parental species 
have been shown in crosses between two species of tree 
frogs, Hyla chrysoscelis Cope and H. femoralis Latreille 
(Doherty and Gerhardt 1983), and between two Drosophila 
species, D. melanogaster and D. simulans (Kyriacou and 
Hall 1986). 
Analogous coupling has been suggested for a 
pheromone system based on crosses between two strains of 
the European corn borer (Klun and Maini 1979). Coupling 
has also been shown for the bark beetle, _I. pini, based on 
interpopulational crosses (Lanier et al. 1980), and for 
the redbanded leafroller by Du et al. (1984) based on 
artificial selection experiments. 
Genetic and behavioral coupling is not without 
exception, however. Song pattern and response in hybrids 
between the grasshoppers Chorthippus biguttulus L. and C. 
-?111s Charpentier are not functionally coupled (Helverson 
and Helverson 1975a). Although acoustic communication is 
critical for reproductive isolation between two species of 
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wolf spiders (Stratton and Uetz 1981), there is no 
evidence of genetic coupling between male and female 
courtship behaviors based on hybridization studies 
(Stratton and Uetz 1986). Therefore, genetic coupling may 
not be a general phenomenon (Gould 1982). 
Pink bollworm genetics. The pink bollworm was 
first described from specimens collected in India in 1843. 
Its origin is uncertain, but it is believed to be endemic 
to Australia (Holdaway 1929, Common, personal 
communication cited in Rothschild 1975). It was 
apparently spread in cotton seed from India to Egypt, from 
there to Mexico, and in 1917 entered the U.S. in Texas 
(Flint et al. 1979). 
Few studies have examined the genetic basis of 
phenotypic variation in the pink bollworm. Several mutant 
phenotypes have been described. These include three 
autosomally controlled eye-color mutants (rust, orange, 
and garnet; Bartlett and Lewis 1978), an autosomal 
dominant body color mutant (sooty) and a sex-linked 
recessive eye color mutant (purple) (Bartlett 1979). 
Visible markers such as these have been used to monitor 
field populations (Bartlett and Lingren 1984). 
Little genetic divergence between laboratory and 
wild strains was observed in a study of 31 isozyme loci 
(Bartlett 1981). Crosses between strains of the pink 
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bollworm from Australia and the U.S. are fully fertile 
(LaChance and Ruud 1979). However, interspecific crosses 
between the pink bollworm and the pink-spotted bollworm, 
Pectinophora scutigera (Holdaway), exhibit reduced 
fertility and fecundity. 
Artificial selection was used to produce lines that 
differ in diapause termination. Reciprocal crosses 
between the lines indicated sex—linkage, but no dominance 
(Langson and Watson 1975). 
Phenotypic variance in the ratio of pheromone 
components emitted by female pink bollworms is limited 
(Haynes et al. 1984). Ratios are consistent over time and 
throughout the world-wide geographic range of the species, 
ranging from 57.5% + 4.0 % (Z,Z)-isomer in a Chinese 
population to 63.1 _+ 2.1 % in a Pakistani population 
(Haynes and Baker 1987). Geographic variation in the 
amount of pheromone emitted is much larger. The rate of 
emission ranged from 0.057 + 0.035 ng/min for the Chinese 
populations to 0.119 + 0.043 ng/min in a California 
population (Haynes and Baker 1987). 
Although phenotypic variation in the pheromone 
communcation system of the pink bollworm has been 
extensively documented (Haynes et al. 1984, Haynes and 
Baker 1987), the genetic basis of this system has not been 
explicitly addressed. In the following chapters are 
21 
presented the results of experiments designed to provide a 
framework for understanding the nature of genetic factors 
controlling the system, and the magnitude of their 
effects. Both characters associated with female 
production and male response are examined. 
A still-air wing-fanning bioassay was first 
developed to facilitate the investigation of 
genetically-based components of variation in male 
pheromone response (Chapter 2). This bioassay was then 
used to estimate the heritability of male response. 
Heritability in the broad sense is the fraction of total 
phenotypic variance due to genetic factors. However, not 
all of this genotypic variance is directly available to 
selection. Total genetic variance may be partitioned into 
additive genetic variance, variance due to dominance 
effects, and variance due to gene interactions. 
Heritability in the narrow sense, as examined in these 
studies, provides an estimate of the portion of total 
variance that is due to the additive effects of genes, and 
is the variance that is subject to selection (Falconer 
1981). Heritability estimates also measure the degree of 
resemblence between relatives, and can thus be used to 
predict the response to selection. Heritability of 
response parameters such as overall responsiveness and the 
specificity of response to particular pheromone blends 
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were estimated for a laboratory population of the pink 
bollworm (Chapter 3). Experiments were then conducted to 
measure the response of the males in a laboratory 
population to artificial selection for a reduced response 
threshold, as indicated by the incidence and duration of 
wing fanning to a constant pheromone stimulus (Chapter 4). 
The genetic basis of variation in pheromone 
production by female pink bollworms was investigated in a 
separate series of experiments. In Chapter 5, 
heritabilities of pheromone production characters are 
estimated based on GLC analysis of pheromone gland 
extracts from females in a laboratory colony. The genetic 
correlation between the amounts of the two pheromone 
components was also estimated. The results of artificial 
selection experiments based on pheromone —product ion 
characters are then presented. Selection for novel 
pheromone blends is described in Chapter 6. The degree of 
genetic and behavioral coupling between factors 
controlling pheromone signal and response behaviors is 
also discussed in this chapter. Artificial selection 
based on the amount of pheromone produced (as measured by 
pheromone titer in the pheromone gland) is reported in 
Chapter 7. A discussion of some of the implications of 
the experimental results, and suggestions for further 
research directions are presented in Chapter 8. 
Chapter II 
WING-FANNING BIOASSAY 
The evolution of pheromone communication systems 
depends on their genetic architecture and the selective 
forces acting upon them. We have examined the genetic 
basis of pheromone communication in the pink bollworm 
m°th, Pectinophora gossypiella (Saunders). The pheromone 
of this moth is a female-produced two-component blend of 
(_Z,E^)- and (.Z ,Z.)-7 , 11-hexadecadienyl acetates (ZE and ZZ, 
respectively) (Hummel et al. 1973, Bierl et al . 1974). 
The mean blend found in pheromone gland extracts is 44% ZE 
(Chapter 5). This pheromone is used by males to locate 
females, and also induces courtship (Colwell et al. 1978). 
There is significant heritable variation in the 
ratio and amount of pheromone produced by females (Chapter 
5). Artificial selection has been used to create a strain 
producing a high proportion of the ZE isomer (Chapter 6) 
and a strain producing a high pheromone titer (Chapter 7). 
In this study we describe a still-air wing-fanning 
bioassay for investigating genetic factors that influence 
male pheromone response. A major criterion for a useful 
bioassay is that the behavior(s) included are 
well-correlated with the success of mate finding. Wing 
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fanning is a pre-flight behavior in some moth species 
(e.g., Carde and Hagaman 1979). However, wing fanning is 
usually performed by pink bollworm males after they have 
landed near a pheromone source, and is an early component 
of the courtship behavior sequence. The relationship of 
wing fanning to other pheromone-induced behaviors was 
examined in a wind tunnel. 
Evaluation of many individuals is also desirable in 
selection experiments; larger sample sizes allow increased 
selection intensity and accelerated responses to 
selection. A wind tunnel bioassay may not be ideal for 
evaluating a large number of moths because of the time 
required to test and recover each moth. A continuous 
measure of response is also desirable. For traits with 
only a few discrete phenotypes (e.g., upwind flight), 
genetic analyses must be based on assumed (but not 
directly observable) underlying continuous variables 
(Falconer 1981). 
The wing-fanning bioassay described in this paper 
has been used to examine the genetic basis of male 
pheromone response and to document genetic coupling 
(control by the same or closely linked genes) between male 
response and pheromone production by females. Significant 
heritable variation in the duration of wing fanning has 
been estimated for males in our laboratory colony 
(Chapter 3), and increased responsiveness, as measured 
with this assay, has been achieved through artificial 
selection (Chapter 4). 
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Pheromone blends that differ significantly from the 
mean blend produced by females may cause an increase in 
the activation threshold for male response (Roelofs 1978). 
Thus, similar response levels might be predicted for 
different blend and concentration combinations. In the 
field, the effect of an altered blend could thus be to 
manipulate the pheromone's active space. In the present 
study, we examine the effect of various pheromone 
dose-blend combinations on wing fanning in a laboratory 
colony of the pink bollworm. 
To observe the relative responses of males to a 
range of pheromone component ratios, it is necessary to 
test individual males more than once. However, initial 
exposure to a particular blend may alter subsequent 
response patterns (Bartell and Lawrence 1973, 1976, 1977a 
1977b, Linn and Roelofs 1981). To assess the validity of 
repeated tests with the same individual, the effect of 
pre-exposure on subsequent response was evaluated. 
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Materials and Methods 
Insects and test conditions. Moths for the 
still-air bioassays used in the dose-blend and the 
multiple-exposure experiments were obtained as pupae from 
the USDA, APHIS Pink Bollworm Rearing Facility in Phoenix, 
Arizona, where they have been reared in the laboratory for 
more than 50 generations. Male pupae were placed in 
100-by-15-mm glass screw-cap test tubes upon receipt. 
Moths used in the wind tunnel study were from a laboratory 
colony that was started from pupae obtained from the USDA 
rearing facility (Chapter 5). The wheat germ/soybean 
flour diet and rearing methods were modified from those of 
F.D. Stuart (personal communication). Three larvae were 
reared with ca. 5 g of diet medium in 21-ml clear plastic 
cups covered with opaque plastic lids. Pupae were removed 
from the diet after 17 days, sexed, and held singly in 
85-by-15-mm glass test tubes with cork stoppers. All 
pupae were checked daily for adult emergence. 
All life stages were held at 26 + 1°C and LD 15:9. 
Inadvertent exposure to pheromone prior to testing was 
avoided by holding the males in a controlled environment 
chamber isolated from female moths and sources of 
synthetic pheromone. 
Males were tested during the second and third 
scotophases postemergence. All tests were conducted 
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between 3.5 and 0.5 hr before the end of the scotophase, 
corresponding to the flight activity period observed in 
the field when males are most responsive to pheromone 
(Graham et al. 1964, Van Steenwyk et al. 1978). Tests 
were conducted at 26 + 1°C at a light intensity of 1.8 
lux, which is within the optimal response range (Farkas et 
al. 1974). 
Bioassay devices. The effects of pheromone blend 
and concentration combinations on the wing—fanning 
response, and the effect of pheromone pre-exposure on 
subsequent response, were examined in still-air bioassays. 
The experimental setup used in these bioassays is depicted 
in Figure 2.1. On the day after emergence, males to be 
tested were transferred to individual 
10-cm-long-by-2.5-cm-diam glass bioassay tubes with 
1-cm-long central transverse slits. A relatively small 
tube was used to reduce variation in pheromone 
concentration that could result from movement by the moth 
during the bioassay, to facilitate observations under low 
light intensity, and to permit the storage and handling of 
a large number of males without having to remove residual 
pheromone from the bioassay chambers between tests. The 
open ends and transverse opening were sealed with 
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Figure 2.1 
Bioassay tube 
still air. 
used to observe wing fanning to pheromone’ i n 
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parafilm. The transverse opening in the bioassay tube was 
uncovered during testing to allow insertion of the 
pheromone stimulus. Inadvertent exposure to extraneous 
pheromone during the bioassay was obviated by directing 
air filtered with activated charcoal and glass wool over 
the bioassay tube and exhausting this air from the 
bioassay room. 
The relationship between wing fanning and other 
pheromone-mediated response behaviors was examined by 
observing the response of males to different pheromone 
blends in a small wind tunnel patterned after Carde and 
Hagaman (1979), except that there was no visual pattern 
beneath the tunnel floor. The PlexiglasR wind tunnel was 
81 cm long with cross-wind dimensions of 28-by-28 cm. 
Wind velocity was 0.30 + 0.05 m/sec. Light was provided 
by DC-mains fluorescent lights yielding 2100 lux. The 
light was shielded with a red filter eliminating 
wavelengths below 680 nm. 
Pheromone stimulus preparation. For all blends 
tested, 10 ug/ul concentrations in n-hexane were prepared 
gravimetrically from synthetic pheromone (Farchan Chemical 
Co.). Lower concentrations were made by serial dilutions 
m decade steps to 10 3 ng/ul. Stimuli were applied in 10 
ul of solvent to 0.5-cm wide strips of Whatman No. 1 
filter paper, and the solvent was allowed to evaporate. 
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For still-air bioassays, the stimuli were kept in separate 
30-ml plastic cups with plastic lids. For the wind-tunnel 
bioassays, the filter paper stimuli were attached to the 
end of 12-cm-long wires inserted into cork stoppers. 
After solvent evaporation, these stimuli were placed in 
2.5-cm-by-20-cm test tubes until used. New stimuli were 
prepared immediately before the start of each day’s 
bioassays. Control stimuli in all experiments consisted 
of 10 ul of n-hexane on filter paper. 
Dose-blend combination. The effects of pheromone 
blend and concentration on the latency and duration of 
wing fanning were examined in still-air bioassays. 
Treatments consisted of all combinations of 5 stimulus 
dosages (10 3 to 10 ng of pheromone in decade steps) and 7 
component blends (10, 25, 38, 44, 50, 65, and 90% ZE 
isomer). A modified randomized complete block design was 
used. Blocks consisted of 3—5 observations for each of 
the 36 treatments (35 dose-blend combinations and the 
control). Blocks were completed in 2-3 consecutive days 
of testing. 
Each male was observed for ca. 2 min prior to 
testing. Males that wing fanned spontaneously were 
discarded. The parafilm covering the transverse slit in 
the bioassay tube was then removed and the male was 
observed for an additional 10-15 sec and discarded if wing 
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fanning was observed. Less than 1% of males were 
discarded before testing. The filter-paper strip 
impregnated with the appropriate blend and concentration 
of synthetic pheromone was then inserted. Each male was 
observed for 2 min. Latency of response (time elapsed 
from the introduction of the stimulus to the initiation of 
wing fanning) and total duration of wing fanning were 
recorded using stop watches. Males were bioassayed once. 
Wind tunnel bioassays. The correlations among wing 
fanning and other pheromone-response behaviors were 
examined in wind-tunnel bioassays. For each test, either 
a 25, 44, or 65% ZE isomer stimulus was placed in the 
center of the wind tunnel 10 cm from the upwind end. A 
male was then released 50 cm downwind from the pheromone 
source. A test tube containing a male was opened and 
placed on a 10-cm-high metal platform 50 cm downwind with 
the open end facing upwind. The occurrences of four 
behaviors were recorded: (1) wing fanning before taking 
flight; (2) zigzag, upwind flight in which the male 
approached within 10 cm of the source; (3) landing on the 
pheromone source; and (4) wing fanning after landing at 
the source. Wing fanning that lasts but a few seconds 
either may not be evoked by pheromone or may be caused by 
very low levels of pheromone contamination (see Results). 
Therefore, only wing-fanning bouts lasting more than 5 sec 
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were tablulated. Each male was observed until it wing 
fanned after landing at the source, or until 7 min had 
elapsed. 
Effect of pre-exposure. To examine the effect of 
pre-exposure to pheromone on subsequent response, 
individual males were bioassayed twice. Males were first 
exposed during the 2nd scotophase following adult 
emergence. The stimuli used consisted of 10 ng of 
pheromone in blends of 10, 44, or 90% ZE. After testing, 
the bioassay tubes were resealed with parafilm and 
returned to the controlled-environment chamber. These 
males were then retested 1 hr later using 0.1 ng of 
pheromone in blends of 25, 44, and 65% ZE. The 
combination of blends used for each male was selected 
randomly. 
Extreme blends (10 and 90% ZE) were used in the 
first exposure to increase the probability that males 
could distinguish these stimuli from the mean blend 
produced by females (44% ZE). A relatively high pheromone 
dose was used in the first exposure so that a high 
proportion of males would respond to the stimulus. Lower 
doses were used in the second exposures to permit greater 
discrimination between blends (see results of the 
dose-blend experiment). Blends closer to the normal blend 
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were examined in the second exposure to increase the 
incidence of response at the low doses used. 
In a second test, the interval between pheromone 
exposures was extended from 1 hr to 1 day. Males were 
first exposed to 10 ng of 10, 44, or 90% ZE blends 
followed by 1 ng of pheromone in blends of 10, 25, 44, 65, 
or 90% ZE isomer. 
Statistical analysis. The significance of 
differences in the duration of wing fanning in still—air 
bioassays for various dose-blend combinations and for 
multiple pheromone exposures were evaluated with the STP 
method of nonparametric multiple comparisons (Sokal and 
Rohlf 1981, p 438). The significance of differences in 
the percent of males that wing fanned to various pheromone 
blends was determined using Friedman's method (Sokal and 
Rohlf 1981, p 446), treating observations made at 
different concentrations as randomized blocks. The effect 
of dose-blend combinations on latency of wing fanning 
among all males tested was assessed with the STP method; 
the latency for males that did not wing fan was assumed to 
be 120 sec (the length of the observation period). When 
only males that wing fanned were included in the analysis 
of latency, a Kruskal-Wallis test was used (Sokal and 
Rohlf 1981, p 430); specific distributions were compared 
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using the Mann—Whitney U—test (Sokal and Rohlf 1981, 
p 433). 
Incidences of response (percent of males 
responding) for the 3 blends tested in the wind tunnel 
were compared using the contingency chi-square test. The 
significance of wing—fanning latency was evaluated by the 
Kruskal-Wallis test. 
Results and Discussion 
Dose-blend combinations. The mean (+_ SD) 
cumulative duration of wing fanning in response to various 
dose-blend combinations ranged from 0.1 +_ 0.3 to 
77.1 + 37.4 sec (Fig. 2.2). Response was greatest at the 
highest concentration (10 ng) for all blends, and 
responses were generally higher for blends closer to the 
natural (44% ZE) blend. No significant differences were 
found between the responses to any blend for the lowest 
_ Q 
pheromone concentration tested (10 ng), but these were 
not different from the control (0.7 _+ 2.1 sec) (STP; 
P > 0.05). Therefore, responses observed for this 
stimulus concentration reflect background wing-fanning 
levels that are unrelated to the presence of pheromone, or 
represent response to low ambient levels of pheromone. 
Using solvent extracts of pheromone glands, Guerra (1968) 
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Figure 2.2 
Mean duration of wing fanning as affected by pheromone 
blend and concentration; n = 40 per dose-blend 
combination. Means not followed by a common letter are 
significantly different, STP multiple comparison test; 
P < 0.01 . 
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observed wing fanning in olfactometer bioassays with 10 ^ 
female equivalents, or about 2.1 x 10 ^ ng based on the 
mean pheromone titer of females in our laboratory colony 
(Chapter 5). 
In _P. gossypiella, several parameters of upwind 
flight in a flight tunnel (including wing-beat frequency, 
air speed, and turning rate) are altered by pheromone 
concentration (Farkas et at. 1974). The incidence of 
short-range precopulatory behaviors, including wing 
fanning, increases with pheromone concentration (Colwell 
et al. 1978). Similarly, clasper extension occurrs only 
at higher concentrations (Guerra 1968). Thus, behaviors 
that occcur later in the response sequence are elicited by 
increased pheromone concentrations, as would be 
encountered by the male when approaching the female. A 
similar relationship, wherein behaviors that occur later 
in the response sequence have higher thresholds, was 
suggested for the light-brown apple moth, Epiphyas 
postvittana (Walker), (Bartell and Shorey 1969) and for 
the Oriental fruit moth, Grapholitha mo1esta (Busck), 
(Baker and Roelofs 1981). This relationship is also found 
for the artichoke plume moth, Platyptilia carduidactyla 
(Riley), but only in the earlier mate-locating phase; 
transitions between behaviors during the close-range 
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courtship phase were not dependent on pheromone 
concentration (Haynes and Birch 1984). 
The duration of pre-flight wing fanning and dosage 
are unrelated for the gypsy moth, Lymantria dispar (L.), 
(Carde and Hagaman 1979, Hagaman and Carde 1984). 
However, in this species wing fanning is evidently 
involved in increasing thoracic temperature prior to 
flight (Carde and Hagaman 1983) and can be distinguished 
in function from wing fanning associated with courtship 
behavior performed near a pheromone source. 
The mean durations of male wing fanning in response 
to blends containing 38, 44 and 50 % of the ZE isomer were 
not significantly different at any of the concentrations 
tested (STP; P > 0.05). These percentages are, 
respectively, the mean blend emitted by calling females 
(Haynes et al. 1984), the mean blend found in pheromone 
gland extracts (Chapter 5), and the blend used 
commercially to disrupt mating in field populations (Doane 
and Brooks 1981). This demonstrates a relatively broad 
response spectrum for wing-fanning duration, and is 
consistent with response patterns for other behaviors in 
this species (Flint et al. 1979, Linn and Roelofs 1985). 
The percentage of males that wing fanned in 
response to various dose-blend combinations ranged from 
5.0 to 95.0% (Fig. 2.3). Pheromone blend had a 
Figure 2.3 
Percentage wing fanning as affected by pheromone blend and 
concentration; n = 40 per dose-blend combination. 
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significant effect on the incidence of response 
(Friedman's test, =73.5; P < 0.01). The overall 
patterns observed for the incidence and duration of wing 
fanning were similar. However, the effects of blend and 
concentration are more pronounced for wing fanning 
duration. Although 17.5% of males wing fanned to filter 
paper treated with solvent, the mean duration of wing 
fanning was but 0.7 sec. This suggests that duration is 
more discriminating among responses to different blends 
and concentrations than is response incidence. 
Mean (+_ SD) response latency for all males tested 
ranged from 19.9 ± 33.6 sec for 10 ng of a 25% ZE 
_ o 
pheromone blend to 114.6 +_ 24.1 sec for 10 ng of a 
90% ZE blend (Fig. 2.4). For males that did not wing fan, 
latency was defined as 120 sec (the length of the 
observation period). Latency was generally longer for 
lower doses and for extreme component blends. No 
significant differences were found among the latencies for 
_ o 
the lowest pheromone concentration tested (10 ng), and 
these were not different from the control (107.9 ± 31.2 
sec) (STP; P > 0.05). Response latencies to blends 
containing 38, 44 and 50% of the ZE isomer were not 
significantly different at any of the concentrations 
tested (STP; P > 0.05), reflecting the same broad response 
spectrum as wing-fanning duration. 
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Figure 2.4 
Mean latency of wing fanning as affected by pheromone 
blend and concentration; n = 40 per dose-blend 
combination. Means not followed by a common letter are 
significantly different, STP multiple comparison test; 
P < 0.01 . 
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Mean (+_ SD) response latency for males that wing 
fanned ranged from 6.0 +_ 3.7 to 39.4 +_ 46.3 sec. Latency 
was generally longer for lower doses and for extreme 
component blends, and thus inversely related to duration 
of wing fanning. Differences in latency attributable to 
dose-blend treatments for these males were statistically 
significant (Kruska1-Wal1is test, H = 97.14; P < 0.01). 
The relationships between latency and stimulus 
parameters were not as pronounced as for wing fanning 
duration (Fig. 2.2). Among males that wing fanned, the 
coefficient of variability for wing fanning duration was 
70.0 %, compared to 140.3 % for latency. The latencies 
observed in the wind tunnel bioassay (discussed below) 
were not affected by pheromone blend. These results 
suggest that the duration of wing fanning is a more 
reliable measure of male response than latency. Wing 
fanning by pink bollworm males generally occurs late in 
the response sequence (see results of wind tunnel 
bioassays below). Causal relationships between latency 
and stimulus parameters may be more likely for behaviors 
earlier in the sequence. 
The relationship between concentration and response 
in the pink bollworm appears to be direct: increased 
pheromone doses evoke increased duration of wing fanning. 
The relationship between pheromone ratio and the intensity 
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of wing fanning also appears to be straightforward: the 
incidence of response is higher and response duration is 
elevated for ratios approaching the natural blend. 
Equivalent means for wing-fanning duration were 
obtained at lower concentrations for blends more closely 
approximating the mean blend produced by females. 
Incidence of response also followed this pattern. These 
data are consistent with the relationship between response 
and dose-blend combinations suggested by the threshold 
hypothesis of Roelofs (1978). This relationship has been 
documented for other aspects of pheromone response in the 
pink bollworm by a detailed study of the effects of 
dose-blend combinations on the incidence of several 
behaviors in the response sequence, including taking 
flight, upwind flight, and pheromone-source contact (Linn 
and Roelofs 1985). This relationship has been proposed to 
explain differences in the blends used in traps that 
captured the most males among different populations of the 
pink bollworm (Flint et al. 1979), apparent seasonal 
changes in the most attractive blend (Flint et al. 1977, 
1978), and a report by Bierl et al. (1974) of maximum trap 
catch using a 70% ZE blend. 
Both the ZE and ZZ pheromone components appear to 
be involved in all stages of the response sequence (Guerra 
1968), although other factors such as visual stimuli or 
male-emitted courtship pheromones may be involved in 
close-range communication (Farkas et al. 1974, Colwell et 
al. 1978). Thus, any behavior in the sequence may be used 
to assess the effects of concentration and blend on male 
response as long as these behaviors are highly correlated 
with one another. 
Wind tunnel bioassays. One or more overt response 
behaviors were observed for 49 of 120 males tested in a 
wind tunnel. The most frequent sequence was zigzag, 
upwind flight, followed by landing at the source, and then 
wing-fanning-whi1e-wa1king on the source. This sequence 
was observed in 87.5% of males that responded with one or 
more of the behaviors recorded. All males that flew to 
and landed on the source wing fanned after landing. Wing 
fanning was always accompanied by clasper extension (as 
described by Colwell et al. 1978). Response that did not 
include this sequence was observed for only 7 individuals, 
and preflight wing fanning that was not followed by this 
sequence for only 5 individuals. No males exposed to the 
control responded. 
The response sequence of flight, landing, and wing 
fanning was much more frequent to the natural pheromone 
blend (44% ZE isomer). The percentage of males responding 
to this blend was 67.5%, and was significantly different 
from the 12.5 and 25.0% that responded to the 25 and 65% 
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ZE blends (X2 = 22.97 and 12.87, respectively, P < 0.01). 
The percentages of males responding to the 25 and 65% ZE 
2 
blends were not significantly different (X = 1*31, 
P > 0.05). Thus, the relationship between pheromone blend 
and the incidence of the response sequence in the wind 
tunnel was consistent with the relationship between blend 
and the duration of wing fanning observed in the still-air 
bioassay. 
Among males that wing fanned after landing on the 
source, the mean (+ SD) times elapsed from the beginning 
of the trial to the start of wing fanning were 
1.95 + 2.17, 2.19 + 1.91, and 2.86 + 2.87 min for stimuli 
containing 25, 44, and 65% ZE isomer, respectively. These 
latencies were not significantly different (Kruska1-Wal1is 
test, H = 2.20; P > 0.05). 
Upwind flight is more sensitive to changes in the 
chemical signal than other behaviors in the response 
sequence of the Oriental fruit moth (Linn and Roelofs 
1983). However, wing-fanning-while-walking has been used 
as a key response in wind tunnel experiments with this 
moth because it is highly correlated with upwind flight 
(Baker and Carde 1979). The results of our wind-tunnel 
bioassays demonstrate that wing fanning is well correlated 
with upwind flight and landing at the source, and is thus 
a valid indicator of pheromone-mediated behavior in the 
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pink bollworm. The extension of this conclusion to field 
populations must be done with caution since laboratory and 
wild populations may be genetically different (e.g. Loukas 
et al. 1985). However, the degree of divergence between 
wild and laboratory populations may vary among characters 
and species. For example, phenotypic variance in 
pheromone blend was nearly identical in laboratory and 
field populations of _A. velutinana (Miller and Roelofs 
1980), and the pink bollworm (Haynes et al. 1984). 
Similarly, a study of 31 isozyme loci uncovered little 
genetic divergence between wild and long-term laboratory 
strains of the pink bollworm (Bartlett 1981). The 
importance of this issue warrants explicit examination. 
Effect of multiple exposure. Mean (4- SD) 
wing-fanning duration during pre-exposure to 10 ng of a 
44% ZE pheromone blend was significantly greater than the 
response for blends with 10 or 90% ZE, and greater than 
controls (STP multiple comparison test; P < 0.01) (Table 
2.1). These means are consistent with previous 
observations for these pheromone stimuli (Fig. 2.2). 
Wing fanning was suppressed in bioassays conducted 
1 hr after these pre-exposure treatments using 0.1 ng of 
pheromone. The duration of wing fanning to a 44% ZE blend 
was still greater than the response to the 65% ZE blend, 
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Table 2.1. Mean (+ SD) wing-fanning duration for two 
sequential exposures to pheromone separated by 1 hr. 
Amounts of pheromone used in 1st and 2nd exposures were 10 
ng and 0.1 ng, respectively. 
1st Exposure 2nd Exposure 
Percent Wing-fanning 
ZE isomer Duration (sec) 
Percent Wing-fanning 
ZE isomer Duration (sec) 
10 47.58 + 38.03 b 25 7.72 + 19.16 ab 
44 66.61 + 34.70 a 44 16.66 + 27.62 a 
90 45.15 + 38.03 b 65 2.96 + 10.83 b 
control 7.30 + 16.40 c 
^Means within columns not followed by a common letter are 
significantly different, STP multiple comparison test; 
P < 0.01. 
but was not significantly different than wing fanning to 
the 25% ZE blend (Table 2.1). 
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Mean wing-fanning responses observed for males 
retested 1 hr after pre-exposure to various pheromone 
blends are presented in Figure 2.5. The mean duration of 
wing fanning for males exposed to 0.1 ng of a 44% ZE blend 
after pre-exposure to the control stimulus was 
44.58 +. 34.66 sec (n = 20). This mean was significantly 
greater than all other means (STP multiple comparison 
test; P < 0.01) except the mean for control males 
subsequently exposed to the 25% ZE blend, and the mean for 
males pre-exposed to a 90% blend and then exposed to a 44% 
blend. Other combinations could not be distinguished 
statistically. These data demonstrate that wing-fanning 
responses to pheromone exposures separated by 1 hr are not 
independent, and that the initial exposure inhibits 
subsequent response. 
Pre-exposure did not significantly affect the 
duration of wing fanning observed in bioassays conducted 
24 hr later. The same pattern of response was observed in 
the 1st and 2nd bioassays. Mean (+ SD) wing-fanning 
duration to 10 ng of a 44% ZE pheromone blend was 
significantly greater than the response for blends with 10 
or 90% ZE, but the responses to the 10 and 90% ZE blends 
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Figure 2.5 
Mean duration of wing fanning 1 hr after pre-exposure; 
n = 20 per 1st and 2nd stimulus blend combination. Means 
not followed by a common letter are significantly 
different, STP multiple comparison test; P < 0.01. 
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were not different from one another (STP multiple 
comparison test; P < 0.01) for both exposures (Table 2.2). 
Mean wing-fanning responses observed for males 
retested 24 hr after pre-exposure to various pheromone 
blends are presented in Figure 2.6. For each blend used 
in the 2nd exposure, the duration of wing fanning was not 
significantly affected by the stimulus to which the male 
was pre-exposed (STP multiple comparison test; P < 0.01). 
No pattern is evident in these data to suggest that 
initial exposure to pheromone alters subsequent response 
behavior in a consistent or systematic manner. 
The pheromone dose used for the 2nd exposure in the 
experiment with a 24 hr interval between exposures was 
10-fold higher than the dose used in the experiment with a 
1 hr interval. However, differences in responses to these 
concentrations were found only for 25 and 38% ZE blends in 
the dose-blend experiment reported above (Fig. 2.2). 
Thus, the dramatic difference between the experiments with 
1 and 24 hr exposure intervals does not appear attibutable 
to concentration effects alone. 
Brief pre-exposure (1 or 3 min) to pheromone 
reduces the incidence of response in subsequent exposures 
by at least 40% in the light-brown apple moth (Bartell and 
Lawrence 1973, 1976, 1977a, 1977b). However, the 
percentage of male Oriental fruit moths that completed 
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Table 2.2. Mean (_+ SD) wing-fanning duration for two 
sequential exposures to pheromone separated by 24 hr. 
Amounts of pheromone used in 1st and 2nd exposures were 10 
ng and 1.0 ng, respectively. 
1st Exposure 
Percent Wing-fanning 
ZE isomer Duration (sec) 
10 50.32 + 42.32 b 
44 82.73 + 29.51 a 
90 51.83 + 44.00 b 
control 2.84 + 8.56 c 
2nd Exposure 
Percent Wing-fanning 
ZE isomer Duration (sec) 
10 12. 17 + 23.97 b 
25 48.82 + 37.33 a 
44 58.57 ± 39.78 a 
65 26.55 ± 36.74 b 
90 15.00 + 30/43 b 
Means within columns not followed by a common letter are 
significantly different, STP multiple comparison test: 
P < 0.01. 
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Mean duration 
pre-exposure; 
combination. 
significantly 
P < 0.01. 
Figure 2.6 
of wing-fanning display 24 hr after 
n = 30 per 1st and 2nd stimulus blend 
Means not followed by a common letter are 
different, STP multiple comparison test; 
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upwind flights in a sustained-flight tunnel was enhanced 
after pre-exposure to one pheromone component, and 
behaviors later in the response sequence required greater 
amounts of pre-exposure to evoke the same level of 
enhancement (Linn and Roelofs 1981). In these earlier 
studies, males were tested only a few minutes after 
pre-exposure, as opposed to the 1 or 24 hr delay in the 
present study. In addition, both the Oriental fruit moth 
and light-brown apple moth males exhibited little activity 
during pre-exposure, whereas the pink bollworm males were 
pre-exposed to relatively high doses and frequently wing 
fanned (Tables 2.1 and 2.2). 
The wing fanning bioassay used in this study 
appears to provide a reliable indication of the effects of 
blend and concentration on pheromone-mediated attraction 
and courtship behavior, and provides a continuous measure 
of response intensity that may be used for genetic 
analyses. The bioassay is simple and rapid, allowing a 
large number of moths to be processed. To evaluate the 
response of males to a spectrum of pheromone stimuli, 
individual males must be tested repeatedly. The results 
of the multiple-exposure experiments indicate that males 
may be retested using the wing-fanning bioassay on 
consecutive days without discernible alterations in the 
pattern of response on the second day. 
Chapter III 
HERITABLE VARIATION IN PHEROMONE RESPONSE 
The function of pheromone-based long distance 
sexual communication systems in moths and other insects is 
mate location (Carde and Baker 1984). Pheromones used to 
mediate close-range courtship behaviors may also function 
in sexual selection (Baker and Carde 1979). The sex 
pheromone of the pink bollworm, Pectinophora gossypiella 
(Saunders), is a blend of the (2^,JE) — and (2^,Z^ — isomers of 
7,11-hexadecadieny1 acetate (ZE and ZZ, respectively) 
(Hummel et al. 1973, Bierl et al 1974) produced by 
females. This pheromone mediates long-distance mate 
finding as well as courtship (Guerra 1968, Colwell et al . 
1978) . 
Pheromone-based communication in the pink bollworm 
is of particular interest because of the commercial use of 
synthetic pheromone for mating disruption (Doane and 
Brooks 1981). The potential for the evolution of new 
pheromone strains that are resistant to disruption of long 
distance communication with synthetic pheromone will 
depend on the available variation in both signal 
production and response. 
Moth sex pheromones are generally rather precise 
blends of two or more components produced by females. A 
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mean (+ SD) of 44.2 + 2.3% ZE [coefficient of variation 
(CV) = 5.2%] was found in solvent extracts of excised 
pheromone glands from a laboratory colony of the pink 
bollworm (Chapter 5). A similar low variance in pheromone 
blend was observed for the pink bollworm based on 
air-borne collections from calling females (CV = 6.8%) 
(Haynes et al. 1984). Intrapopulation variation in 
pheromone component ratios for the redbanded leaf roller 
moth, Argyrotaenia velutinana (Walker) is also limited (CV 
= 9.7%) (Miller and Roelofs 1980). 
In contrast to the narrow-variance signal produced 
by females, pink bollworm males are attracted to a 
relatively broad range of pheromone blends (Flint et al. 
1979, Haynes et al. 1984). Efficient communication 
depends on the coordination of signalling and reception. 
Possible evolutionary changes in pheromone-mediated 
communication systems will depend on selective forces that 
impinge on both pheromone production and response. The 
degree to which genes controlling pheromone signal and 
response behaviors are genetically coupled through linkage 
or pleiotropic effects could greatly influence the rate of 
change in these systems (Alexander 1962, Kyriacou and Hall 
1986) . 
The genetic basis of variation in chemical 
communication systems has been examined primarily through 
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crosses between closely related species (e.g., Grant et 
al. 1975, Sanders et al. 1977, Grula and Taylor 1979) or 
intraspecific crosses between strains that differ in 
pheromone production or response (e.g., Klun and Maini 
1979, Lanier et al. 1980). Studies of genetically-based 
intrapopulation variation in characteristics of pheromone 
communication systems have been more limited (Du et al. 
1984, Boake 1985). 
Artificial selection experiments with the pink 
bollworm have suggested heritable variation in the blend 
and amount of pheromone produced by females (Chapters 6 
and 7) and in male responsiveness (Chapter 4). Signal 
production and response appear to be influenced by the 
same or closely-linked genes (Chapter 6). We have 
elsewhere reported the results of an examination of 
variation and heritability of pheromone production by 
females (Chapter 5). The current study is an analogous 
examination of the heritability of parameters of male 
pheromone-response behavior using a wing-fanning bioassay. 
Response thresholds are generally lower for blends more 
closely approximating the blend normally produced by 
females, and wing fanning is well correlated with upwind 
flight to pheromone (Chapter 2). 
Total observable phenotypic variance can be 
partitioned into variance attributable to genotypic and 
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i c +- vo Hpri tahilitv in the broad sense environmental factors. entaDiiicy 
refers to the fraction of total variance due to genetic 
factors. However, not all genotypic variance is available 
for selection. Heritability in the narrow sense, as 
examined in this study, provides an estimate of the 
portion of total variance that is due to the additive 
effects of genes, and is thus subject to selection 
(Falconer 1981). Heritability estimates also measure the 
degree of resemblence between relatives, and can thus be 
used to predict the response to selection. This study 
provides insight into the nature of the genetic factors 
influencing pheromone response. 
Materials and Methods 
Moths. Pupae were obtained from USDA, APHIS in 
Phoenix, Arizona. These pupae were sexed , and the females 
discarded. Inadvertent exposure to pheromone prior to 
testing was avoided by placing male pupae individually in 
85-by-15-mm test tubes with screw-caps or cork stoppers 
and keeping them in a controlled environment chamber at 
27°C and LD 15:9, isolated from female pupae and adults, 
and sources of synthetic pheromone. Pupae were checked 
daily for adult emergence. On the day after emergence, 
each male to be tested was transferred to a 
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10-cm-long-by-2.5-cm-diam glass bioassay tube with a 
1-cm-long centrally located transverse opening (Chapter 
2). The open ends and transverse openings were sealed 
with parafilm. 
Stimulus preparation. Pheromone stimuli used in 
the bioassays consisted of various combinations of blend 
and concentration of the ZE and ZZ isomers. For all 
blends to be tested, 10 ug/ul concentrations in n-hexane 
were prepared gravimetrically from synthetically produced 
components (Farchan Chemical Co.). Lower concentrations 
of each blend were made by serial dilutions in decade 
steps to 10“^ ng/ul. Each stimulus was applied in 10 ul 
of solvent to a strip of filter paper. Solvent was 
allowed to evaporate, and the stimuli were then kept in 
separate 30 ml clear plastic pill cups with plastic lids. 
New stimuli were prepared immediately before the start of 
each day's bioassays. 
Bioassay. A still-air wing-fanning bioassay 
(Chapter 2) was used to measure male response. Males were 
tested during the 2nd or 3rd scotophase. Each male was 
observed for ca. 2 min prior to bioassay. If spontaneous 
wing fanning was observed, the male was discarded. The 
parafilm covering the bioassay tube slit was then removed 
and the male was observed for an additional 10-15 sec, and 
discarded if wing fanning was observed. Each male was 
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then bioassayed by inserting the filter paper stimulus to 
which the appropriate blend and concentration of synthetic 
pheromone had been applied. Males were observed for 2 min 
using 10 ^ ng of pheromone in blends containing 25, 44, or 
65% of the ZE isomer. In a previous study, only 1.8% of 
males tested with these stimuli wing fanned for more than 
110 sec, and none wing fanned for more than 117.8 sec 
(Chapter 2). Latency (the time elapsed from the 
introduction of the stimulus to the start of wing fanning) 
and total duration of wing fanning were recorded using two 
stop watches. Bioassays were conducted during the last 4 
hr of the scotophase when males are most responsive 
(Graham et al. 1964, Van Steenwyk et al. 1978) at 27°C and 
1.8 lux. 
Response. Evolution in pheromone communication 
systems requires coordinated changes in signal production 
and response. A shift in the mean pheromone component 
ratio produced by females will select for compatible 
changes in male response patterns. Appropriate changes in 
male response could occur through an altered propensity to 
respond to all blends, or through a change in the pattern 
of relative responses to particular blends. 
Heritabilities were estimated for both overall 
responsiveness and response specificity. The general 
level of responsiveness was measured by recording the 
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latency and duration of wing-fanning to 10 ^ ng of 
pheromone containing 44% ZE isomer, which closely 
approximates the blend normally produced by females 
(Chapter 5). 
Response specificity was examined by testing each 
male twice, first with 10-^ ng a 44% ZE blend, and then 
with 10-^ ng of an off-blend (either 25 or 65% ZE). The 
two tests for each male were performed on consecutive 
days. When two pheromone exposures are separated by 24 
hr, the initial exposure does not alter the subsequent 
response in a consistent or systematic manner (Chapter 2). 
Specificity (S) was estimated by the response to the 
off-blend relative to the total response observed for the 
male in both tests: 
S = R25,65 1 ( R44 + R25,65 > 
where is the duration of wing fanning to the 44% ZE 
blend, and ^25,65 is the resPonse to the off-blend (25 or 
65% ZE). 
Heritability estimation. Heritabilities of 
characters associated with pheromone response behaviors 
were estimated by parent-offspring regressions. Males in 
the parental generation were tested using the wing-fanning 
bioassay and then mated with virgin females selected 
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randomly from our laboratory colony. Male-female pairs 
were placed in 7.5-by-7.5-by-2.8-cm clear plastic 
oviposition cages. Sucrose solution was available to the 
adults in 1.9-ml vials with cotton wicks on the bottom of 
each cage. Paper oviposition substrates were changed 
daily. To segregate the progeny of each male-female pair, 
oviposition substrates were sealed in 15-by-15-by-2-cm 
plastic bags until the larvae hatched. 
Newly hatched larvae were placed individually in 
21 -ml clear plastic cups covered with plastic lids. Each 
cup contained ca. 5 g of wheat germ-soybean flour diet 
(Chapter 5). Pupae were removed after 17 days, sexed, and 
placed singly in 85-by-15-ml glass test tubes with cork 
stoppers. All life stages were kept at 27°C and LD 16:8 
photoperiod. 
Male offspring from these matings were bioassayed 
as before. Approximately five male offspring per family 
were tested with the same stimuli and order of 
presentation used to test their fathers. Heritabilities 
of response parameters were estimated by the regression of 
parent (father) on mean offspring values. The number of 
male offspring available for testing varied among 
families. Thus, regression coefficients were estimated by 
weighting families according to the number of males 
measured (Falconer 1981, p. 167). 
The duration of wing fanning was not normally 
distributed because a large proportion of males did not 
wing fan at all. Thus, nonparametric tests were used in 
intergenerational comparisons. The Mann-Whitney U 
statistic was calculated for each comparison, and a value, 
t , was computed based on this statistic (Sokal and Rohlf 
1981, p. 435), and used to test the significance of the 
observed differences. The percentages of males that wing 
fanned to different pheromone stimuli within generations 
were compared using a test. 
Threshold. Response threshold was measured by the 
latency of initial wing fanning observed for males exposed 
to a series of increasing pheromone concentrations. Males 
were obtained as pupae and reared as before. Each male 
was tested on two consecutive days. During each test, the 
male was exposed to a continuous series of stimulus 
concentrations. Each test series consisted of six 
pheromone stimuli in 10 ul of n-hexane, increasing by 
decade steps from 10"3 ng to 102 ng of total pheromone (ZE 
plus ZZ components). All stimuli in the first series (A) 
contained 25% ZE isomer, and the alternative series (B) 
employed stimuli with 65% ZE. Males that were exposed to 
series A on the second day postemergence were tested 
against series B on the third day, and vice versa. 
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Males were exposed for 30 sec to the stimulus with 
the lowest concentration, and proceeding by decade steps 
to increased amounts of pheromone (using the same 
component blend). Prior to each stimulus series the 
parafilm was removed from the transverse slit in the 
bioassay tube and the male observed for 30 sec. Males 
that spontaneously wing fanned during this period were 
discarded. Latency was defined as time elapsed from the 
introduction of the first stimulus until wing fanning. In 
this fashion, a response was elicited from nearly all of 
the males tested. 
Males tested in this manner were mated with virgin 
females selected randomly from a laboratory colony, and 
the offspring of these pairings were reared as before. 
Male offspring were tested using the same stimuli series 
used to test their male parents. 
Latency of response to all blends was estimated by 
the sum of the latencies observed during exposure to each 
of the two stimulus series. The degree of symmetry 
associated with responses to blends with high and low 
percentages of the ZE isomer was measured by the 
difference between the latencies observed for the two 
stimulus series. Heritabilities of these latency measures 
were estimated by a weighted regression of mean offspring 
on paternal values. 
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The primary advantage of this approach to 
estimating response latency is that a response is obtained 
from nearly all males. In the 2-min bioassay using one 
stimulus concentration, latency is undefined if the male 
does not wing fan. The current approach also incorporates 
potential effects of stimulus changes (as may be 
encountered during an approach to a calling female) as 
well as the level stimulus intensity. 
Results 
Overall responsiveness. The mean (+_ SD) duration 
of wing fanning in a 2 min observation period to 10-^ ng 
of pheromone containing 44% ZE isomer (the mean blend 
found in extracts of female pheromone glands, Chapter 5) 
was 46.10 _+ 30.97 sec. Mean responses to subsequent 
exposures to 25 and 65% ZE stimuli were 19.45 + 27.47 and 
10.18 +_ 25.38 sec, respectively. These data are 
consistent with those of a previous study (Chapter 2). 
These males were used to produce a second generation 
for the estimation of heritabilities . Mean response 
durations for blends with 25, 44 and 65 % ZE isomer among 
F1 males were 16.18 + 24.53, 41.79 + 34.07, and 
8.46 + 21.10 sec, respectively. The mean responses in the 
parental and generations were not significantly 
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different for each blend tested (Mann Whitney U test; 
t = 0.84, 1.60, and 0.94 for the 25, 44, and 65% ZE 
O 
blends, respectively; P > 0.05). Therefore, random drift 
or unidentified selective forces did not appear to affect 
gene frequencies at loci mediating wing fanning. 
A higher percent of males wing fanned to the 25% ZE 
blend than to the 65% ZE blend in both generations. Of 
the males tested in the parental generation, 61.70 and 
36.71% responded to the 25 and 65% ZE blends, respectively 
(significantly different, X2 = 9.75, n = 173; P < 0.01). 
Similarly, 55.17 and 30.75% responded to the 25 and 65% ZE 
blends, respectively, in the generation (significantly 
different, X2 = 44.407, n = 754; P < 0.01). 
Males that were more responsive to the natural 
pheromone blend (44% ZE isomer) also tended to be more 
responsive when tested a second time with either a 25 or 
65% ZE blend. The duration of wing fanning in the two 
tests were significantly correlated in both the parental 
and Fj generations (Table 3.1). These data suggest that 
some males were more responsive than others over a 
relatively wide range of component blends. Thus, 
differences among males did not appear to be the result of 
different response thresholds for specific blends. 
Table 3.1. Correlations between the duration of wing 
fanning to an initial stimulus with 44% ZE isomer and 
wing-fanning duration in a second bioassay with either 
25 or 65% ZE blend. 
Generation Second 
Stimulus 
Correlation 
Coefficient 
n F 
Parents 25% ZE 0.422 94 20.25 'T* 'C* 
65% ZE 0.394 79 14.44 -T* 'T* 
Of f spring 25% ZE 0.198 406 16.81 
vU nU 
'T* -T* 
65% ZE 0.298 348 33.64 
sU vU 
-T- t* 
vU Significantly different; P < 0.01 
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The correlation coefficients in the parental and 
generations for wing-fanning duration to the 44 and 25% ZE 
blends were significantly different (coefficients 
transformed by the inverse hyperbolic tangent; z = 2.15, 
P < 0.05) (Sokal and Rohlf 1981, p. 583). The reason for 
the difference between generations is not known, and there 
were no other significant differences among correlations. 
Heritability of responsiveness. Overall 
responsiveness was measured by the mean duration of wing 
fanning to the natural pheromone blend (44% ZE isomer). 
Estimated heritability (+_ SE) of responsiveness, based on 
parent-offspring regression, was 0.385 + 0.095 
(statistically significant, t = 4.052, n = 173; P < 0.01) 
(Fig. 3.1). Thus, 38.5% of variance in the observed 
response to the 44% ZE blend was attributable to the 
additive effects of genes. 
An alternative way to quantify overall 
responsiveness is to examine the combined responses of 
individual males to a range of pheromone blends. Each 
male in this study was bioassayed twice, first with the 
44% ZE blend, and then with an off-blend (either 25 or 65% 
ZE). Responsiveness was measured as the sum of the 
responses observed for individual males to both pheromone 
stimuli (the natural and off-blends) Heritability for the 
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Figure 3.1 
Regression of wing-fanning response to a pheromone blend 
containing 44% (Z., E.)-7 , 11 -hexadecad ieny 1 actetate of males 
in the parental generation on the mean response of their 
offspring in the generation. 
?4 
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combined response was 0.326 +_ 0.085 (significantly 
different from zero, t = 3.83, n = 173). 
The estimated heritability for the combined 
response is similar to the estimate obtained using the 
natural blend alone. However, when males exposed to the 
25 and 65% ZE blends were considered separately, a 
pronounced asymmetry was apparent. The heritability of 
combined responses to the 44 and 25% ZE blends was 
0.542 + 0.103 (t = 5.273, n = 173; P < 0.01). The 
heritability of response duration to the 25% ZE blend 
alone was also significant (h2 = 0.377 + 0.113, t = 3.341, 
n = 94; P < 0.01) (Fig. 3.2-A). However, the comparable 
estimate for the summed responses of males exposed to 44 
and 65% ZE blends was 0.064 + 0.137 (t = 0.465, n = 173; 
P > 0.05). This is a result of the nonsignificant 
heritability of response to the 65% ZE blend 
(h = -0.145 + 0.103, t = 1.404, n = 79; P > 0.05) (Fig. 
3.2-B) . 
Males were less responsive to the 65% ZE blend than 
to the 25% blend. Genetic influence on variation may be 
greater for dose-blend combinations that elicit a greater 
response, but the relationship between response level and 
heritability is not known. 
Heritability of response specificity. Response 
specificity for each male was measured by the duration of 
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Figure 3.2 
Regression of wing-fanning response to a pheromone blend 
containing (A) 25%, and (B) 65% (Z,E)-7,11- hexadecadieyny 
acetate in the parental generation on the mean response of 
their offspring in the generation. 
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wing fanning to an off-blend (25 or 65% ZE isomer) divided 
by the sum of the wing-fanning duration to the off blend 
and to the 44% blend. Specificity measured in this manner 
was undefined for males that did not respond to both 
pheromone stimuli. Thus, families in which the male 
parent failed to respond to either blend, or in which all 
of the male offspring failed to respond to either blend, 
were not included in the analysis. Heritability of this 
measure of response specificity was 0.336 + 0.139 
= 2.425, n = 169; P < 0.01). However, due to the 
asymmetry in response to the 25 and 65% ZE blends, the 
heritability of response specificity for males exposed to 
these stimuli differed substantially. The heritability 
for males exposed to the 25% ZE blend was 0.307 + 0.170 
(t - 1.81, n = 91; P < 0.05), while the heritability for 
males exposed to the 65% ZE blend was -0.094 + 0.238 
(t = 0.40, n = 78; P > 0.05). The contribution of 
additive genetic factors to the observed variation in 
response specificity appears to be greater for blends with 
a low percent of the ZE isomer. 
Latency. The estimated heritability of the latency 
associated with wing fanning to the 44% ZE blend was 
0.027 + 0.109, and was not significantly different from 
zero (t = 0.245, n = 166; P > 0.05). This heritability 
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estimate is based on the regression of parent on offspring 
means. 
The low value for heritability of latency is a 
result of the high degree of variability associated with 
this response parameter. The mean (+_ SD) latencies of 
males responding to the 44% ZE blend in the parental and 
generations were 7.97 + 13.34 and 10.33 + 16.63 sec, 
respectively. The coefficients of variation associated 
with these estimates are 167.38 and 160.99, respectively. 
Corresponding CV estimates for the duration of response to 
the 44% ZE blend were 51.4 and 49.3% for the parental and 
F]_ generations, respectively. Thus, variability was 
considerably greater for latency than for response 
duration in the 2-min bioassays. Since the heritability 
of latency is not significant, the observed variability 
appears to be uninfluenced by the additive effects of 
genes. 
Threshold. Pheromone response threshold was 
measured by the latency of wing fanning by males exposed 
to an increasing pheromone concentration. Mean latencies 
(i SD) for the 25 and 65% ZE blends were 79.38 + 53.24 and 
102.98 _+ 62.37 sec, respectively, for males from the 
laboratory colony. Comparable means for the offspring of 
these males were 96.14 + 41.03 and 113.58 + 45.27 for the 
low and high blends, respectively. The latencies in the 
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parental and generations were not significantly 
different for the stimulus series involving the 25% ZE 
blend (Mann-Whitney U test; t = 1.56; P > 0.05). 
s 
Although the absolute difference was relatively small, the 
latencies for the series using the 65% ZE blend were 
significantly different between generations (Mann-Whitney 
U test; tg = 2.11; P < 0.05). The cause of this 
difference is not known. 
Heritabilities ( + SE) of threshold were 
0.113 _+ 0.175 and 0.217 +_ 0.164 for the 25 and 65% ZE 
stimuli, respectively. These estimated heritabi1ities are 
not significantly different from zero (t = 0.644 and 
t = 1.325, n = 58, P > 0.05). Heritability of the 
threshold for overall responsiveness, as measured by the 
sum of the latency periods for responses to the 25 and 65% 
ZE stimuli, was 0.110 + 0.131 (not significant, t = 0.844, 
n = 58; P > 0.05). 
Heritability of threshold asymmetry (measured by 
the difference between latencies for the two stimuli 
series) was 0.314 +_ 0.23 (not significant, t = 1.33, 
n = 58, P > 0.05). Thus, variance in theshold (measured 
by response latency) upon which selection may act (natural 
was not found in our laboratory colony. or a 
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Discussion 
Selection may reduce additive genetic variance in 
characters closely related to fitness, because alleles 
that increase fitness will become fixed as a population 
approaches equilibrium (Fisher 1958). Thus, heritability 
for characters closely associated with reproductive 
success is typically low (Falconer 1981). For example, 
Gustaffsson (1986) found an inverse relationship between 
heritibility and the influence on fitness for a number of 
morphological and life history characters in the collard 
flycatcher (Ficedula albicollis). Particular components 
of fitness may be heritable, but negative genetic 
correlations between them tend to reduce the heritability 
of lifetime reproductive success (Jones 1987), although 
positive correlations have also been documented (Palmer 
and Dingle 1986). 
Male mating behavior is generally considered to be 
an important component of fitness (Ehrman and Parsons 
1981). Nonetheless, significant heritable variation in 
both overall responsiveness and in response specificity 
has been demonstrated for a laboratory population of the 
pink bollworm. A number of mechanisms have been suggested 
to account for the persistance of additive genetic 
variance, including mutation (Lande 1976), linkage 
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disequilibrium (Taylor and Williams 1982), variable 
environments (Cade 1984), genetic drift, and immigration 
(Jones 1987). However, heritability estimates must be 
interpreted carefully because they are strictly applicable 
only for the particular population that was used in making 
the estimates, and for the particular set of behavioral 
and ecological circumstances in which the measurements 
were made. Further, heritability estimates assume 
negligible genetic-environmental interactions, dominance 
and epistatic effects, genetic drift, and natural 
selection. 
Female emission of very low quantities of pheromone 
may select for males that have low response thresholds 
(Greenfield 1981). On the other hand, resistance to 
synthetic pheromone could evolve by increased emission 
rates (Carde 1976, 1981; Haynes et al. 1984). Male 
response to inappropriate stimuli could be minimized by an 
elevated response threshold. 
The observed heritability in overall responsiveness 
by males was 0.385, as measured by the duration of wing 
fanning to the 44% ZE blend produced by females. The 
estimated heritability reported for the amount of total 
pheromone produced by females is similar (0.410 + 0.089; 
Chapter 5). These estimates suggest that there is 
heritable variation available for selection of both 
83 
emission of and response to pheromone signals of greater 
(or lesser) intensity. However, a genetically-based 
change in the male response threshold may be superfluous 
since either CNS habituation or peripheral adaptation 
could serve to filter out background levels of pheromone, 
as would be present in cotton fields in which synthetic 
pheromone is applied to disrupt mating. 
A shift in the ratio of pheromone components 
emitted also has been proposed as a mechanism for the 
evolution of resistance to the use of synthetic pheromone 
(Carde 1976, 1981). The blend produced by pink bollworm 
females has a significant heritability (0.342 + 0.084, 
Chapter 5). However, interpretation of the degree of 
genetically-based variation in male response specificity 
is complicated by the observed asymmetry in the 
heritability of responses to blends at different ends of 
the spectrum. Significantly heritable variation was 
observed for both the absolute response to the 25% ZE 
blend, and for the response to this blend relative to the 
combined response to the 25 and 44% ZE blends. The 
comparable heritability estimates for the 65% ZE blend 
were not significant. Thus, it appears that the blend 
eliciting maximum response (i.e., the blend with the 
lowest response threshold) could be shifted toward a blend 
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with relatively less of the ZE isomer, but selection in 
the other direction would be more difficult. 
Although the pink bollworm was originally described 
from specimens collected in India, it is believed to be 
indigenous to Australia (Flint et al. 1979). The 
attraction to different blends of (,Z*_E)- and (Z^, Z^)-7 , 11- 
hexadecadieny1 acetate has been examined for three closely 
related Pectinophora species in Australia (Rothschild 
1975). Based on pheromone trapping, _P. gossy piella, _P. 
endema Common and JP. scutigera (Holdaway) were maximally 
responsive to blends containing 50, 33, and 10% ZE isomer, 
respectively. Under these circumstances, a reduction in 
heritable variation in responsiveness to pheromone blends 
containing a lower percentage of the ZE isomer would be 
expected. It would be of interest to examine populations 
of the pink bollworm where these species are sympatric. 
Pheromone blend discrimination occurs primarily 
through central nervous system (CNS) integration of inputs 
from relatively component-specific receptors (Mustaparta 
1984). The antennae of male pink bollworms have receptor 
sites for each of the pheromone isomers (Tang et al. 
1980). However, in general there may be some overlap in 
the sensitivity of receptors to pheromone components 
(Boeckh 1986), and the sensitivity of individual receptor 
cells is highly variable (Priesner 1986). The apparent 
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asymmetry in the genotypic component of variance in 
responses to different blends could result from receptor 
or CNS differences. This question could be addressed 
through electrophysiological comparisons of males that 
exhibit different response patterns. 
Based on the relatively high degree of heritable 
variation in overall male responsiveness reported here, 
and the estimated heritability previously observed for 
total pheromone production by females (Chapter 5), a 
change in the pheromone communication system of the pink 
bollworm may be possible under appropriate selection 
pressures, such as the use of formulated synthetic 
pheromone to disrupt mating. However, the rate of 
evolution in communication systems depends on coordinated 
changes in signal production and response characteristics 
(Alexander 1962). Control of both signal production and 
response by the same or closely linked genes has been 
reported in a number of studies (e.g., Hoy et al. 1977, 
Klun and Maini 1979, Lanier et al. 1980, Doherty and 
Gerhardt 1983, Du et al. 1984, Kyriacou and Hall 1986), 
but such genetic coupling does not occur in all systems 
(Stratton and Uetz 1986). There is evidence of genetic 
coupling between the pheromone ratio produced by pink 
bollworm females and the relative duration of male wing 
fanning to different blends (Chapter 6). The genetic 
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linkage between male and female characteristics increases 
the chances for the evolution of novel pheromone strains. 
However, rapid changes in pheromone communication based on 
shifts in the blend of components may be restricted to 
shifts toward blends with a lower percentage of the ZE 
isomer. In addition, the pink bollworm is highly 
dispersive (Stern 1979), and immigration from areas not 
treated with pheromone could counteract the selection 
pressure imposed by pheromone treatment. 
Genetically-based variation observed in this study 
could represent only a small fraction of the variation 
available in field populations because of the small size 
of the laboratory population. Genotype freqencies in 
laboratory and field populations may also differ because 
the populations are subjected to different selective 
forces. Alghough laboratory and wild populations may be 
genetically guite different (e.g. Loukas et al. 1985), the 
degree of divergence may vary among characters and 
species. For example, phenotypic variance in pheromone 
blend was nearly identical in laboratory and field 
Populations of A. velutinana (Miller and Roelofs 1980), 
and the pink bollworm (Haynes et al. 1984). Very little 
genetic divergence between wild and long-term laboratory 
strains of the pink bollworm was found in a study of 31 
isozyme loci (Bartlett 1981). 
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Although the mean blend of pheromone produced by 
female pink bollworms contains 44% of the ZE isomer, field 
populations are managed by application of a 1:1 mixture of 
the ZE and ZZ isomers (Doane and Brooks 1981). Heritable 
variation in response has been demonstated for blends with 
a lower percentage of the ZE isomer. Thus, resistance 
could develop through a shift in the communication system 
to a blend with a lower proportion of the ZE isomer. The 
development of resistance could be retarded by using a 
blend of synthetic pheromone that contained a smaller 
proportion of the ZE isomer than normally produced by 
females, since heritable variation appears to be lacking 
for blends with a high percentage of the ZE isomer. 
However, the effectiveness of mating disruption may depend 
on how closely the formulated disruptant matches the 
naturally emitted pheromone. Use of the natural blend 
might elevate the level of mating disruption, and allow 
the dose of disruptant to be decreased. The use of blends 
with higher or lower proportions of the ZE isomer could 
result in shifts in the opposite direction (directional 
selection), or in reduced variability in the blend 
produced and a narrowing of the male response spectrum 
(stabilizing selection). Resistence may be less likely if 
the normal 44% ZE blend is used because stabilizing 
selection could not occur, and a larger shift in the blend 
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produced by females would be required to render a change 
distinguishable by males. 
Chapter IV 
SELECTION FOR INCREASED PHEROMONE RESPONSE 
The long distance sex pheromone of the pink 
bollworm, Pectinophora gossypiella (Saunders), is a 
two-component blend of (Z.,.E)- and (Z.».Z)- 
7,11-hexadecadienyl acetate (ZE and ZZ, respectively) 
(Hummel et al. 1973, Bierl et al. 1974). The genetic 
basis of the pheromone-mediated communication system of 
the pink bollworm is of particular interest because of the 
economic importance of this major cotton pest and the 
commercial use of synthetic pheromone for mating 
disruption (Doane and Brooks 1981). 
The possibility for the evolution of resistance to 
pheromone has long been recognized (Beroza 1960). The 
development of resistance could involve a shift in the 
pheromone blend, an elevation of the emission rate, or 
increased reliance on nonpheromonal cues in mate location 
(Carde 1981). Knowledge of the genetic basis of pheromone 
communication will facilitate the development of 
pheromone-use strategies that retard the evolution of 
resistance or modify the disruptant system to restore 
efficacy (Croft and Hoyt 1978, Carde 1976, 1981). 
The potential for the evolution of resistance to 
Pheromones will depend on the extent of available 
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heritable variation in aspects of both signal production 
and response behavior. Significant heritable variation in 
characters associated with pheromone production was 
demonstrated using females in a laboratory colony (Chapter 
5). Artificial selection for novel pheromone strains was 
also conducted (Chapter 6); selection for blends with a 
higher percentage of the ZE isomer was successful, but the 
blend produced by females in a line selected for a lower 
percentage of this isomer did not change. 
Using a still-air wing-fanning bioassay (Chapter 
2), significant heritable variation was found for response 
to blends with a lower percentage of the ZE isomer, but 
not for blends with a higher percentage (Chapter 3). 
Thus, variation in both male response and female 
production was asymmetrical: for females, heritable 
variation appeared to be greater for blends with a higher 
percentage of the ZE isomer, but for males heritable 
variation was greater for response to blends with a higher 
Percentage of the ZZ isomer. Since fitness depends on 
coordination of signal and response characters, the 
observed asymmetries may inhibit changes in the 
communication channel based on component blends. 
Evolution in the pheromone communication channel 
""y alS° inV°1Ve 3 Cha^e the amount of pheromone 
emitted by females and a corresponding change in the 
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sensitivity of male response. Genetically-based variation 
is available for both emission and response characters 
(Chapters 5 and 3), and rapid response to artificial 
selection for increased pheromone production has been 
demonstrated (Chapter 7). In the present study, we report 
the results of selection experiments conducted to examine 
the response of a laboratory population of the pink 
bollworm to artificial selection for increased 
responsiveness in males, as measured by wing-fanning 
duration. The nature and magnitude of the selection 
response will provide insight into the genetic 
architecture of the pheromone—based sexual communication 
system, and will help to assess the likelihood and 
potential rate at which resistance could develop in 
control programs using synthetically produced pheromone. 
To explore the possibility that pheromone production and 
response characters are influenced by the same or closely 
linked genes, the amount of pheromone produced by females 
in the male-selected line was estimated. 
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Materials and Methods 
Test animals and rearing procedures. Moths used to 
initiate the selected line and those used as controls were 
obtained from a laboratory colony maintained at the 
University of Massachusetts (Chapter 5). Males were 
bioassayed using the procedure described below, and those 
selected to produced the next generation were placed in an 
oviposition cage with approximately 50 females. 
Sucrose solution (7.5%) was available on cotton 
wicks in the ovipositon cages. Paper oviposition 
substrates were changed daily. Newly hatched larvae were 
transferred to 21-ml clear plastic cups covered with 
plastic lids. Each cup contained ca. 5 g of wheat 
germ/soybean flour diet (Chapter 5). Three larvae were 
placed in each cup, which yielded an average of about one 
pupa per cup. Pupae were removed after 17 days, sexed , 
and males were placed singly in 85-by-15-mm glass test 
tubes closed with cork stoppers. Female pupae were placed 
directly in the oviposition cages. All life stages were 
kept at 27°C and LD 16:8 photoperiod. 
Males were kept in a controlled environment 
chamber at 27 C and LD 15:9, and were isolated from female 
Pupae and adults, and sources of synthetic pheromone. 
Pupae were checked daily for adult emergence 
On the day 
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after emergence, each male to be tested was transferred to 
a 10-cm-long-by-2.5-cm-diam glass bioassay tube with a 
1-cm-long centrally located transverse slit. The open 
ends and transverse slits were sealed with parafilm. 
Pheromone stimulus. The pheromone stimulus used in 
the bioassays consisted of 0.1 ng of pheromone containing 
65% ZE isomer prepared gravimetrically from synthetic 
compounds (Farchan Chemical Co.). The stimulus was 
applied in 10 ul of n-hexane to a strip of filter paper. 
After the solvent evaporated, the stimulus was kept in a 
21-ml clear plastic pill cup with a plastic lid. A new 
stimulus was prepared immediately before the start of each 
day’s bioassays. 
Bioassay. Male response was measured with the 
wing-fanning bioassay detailed in Chapter 2. Males were 
tested once during the 2nd or 3rd scotophase 
postemergence. Each male was observed for ca. 2 min prior 
to bioassay and discarded if spontaneous wing fanning was 
observed. The parafilm covering the transverse slit in 
the bioassay tube was then removed and the male was 
observed for an additional 10-15 sec and discarded if wing 
fanning was observed. Each male was then bioassayed by 
inserting the filter paper stimulus into the bioassay 
tube. Males were observed for 2.0 min and the total 
duration of the wing fanning was recorded with a stop 
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watch. In previous tests with the pheromone stimulus used 
in this study (0.1 ng of a 65% ZE blend), the mean (+_ SD) 
duration of wing fanning by unselected males was 
8.0 +. 17.3 sec, and no males wing fanned for more than 60 
sec during a 2 min observation period (Chapter 2). 
Air from outside of the building was filtered with 
glass wool and forced over the bioassay tube during 
testing, and then exhausted from the bioassay room 
(Chapter 2). Bioassays were conducted during the last 4 
hr of the scotophase when males are most responsive 
(Graham et al. 1964, Van Steenwyk et al. 1978) at 27°C and 
light intensity of ca. 1.8 lux. 
Selection procedure. Between 100 and 104 males 
were bioassayed in each generation. The 15 to 24 males 
that were the most responsive, as measured by the duration 
of wing fanning, were used to start the next generation. 
The females used to produced the first selected generation 
were chosen randomly from the laboratory colony. Females 
used in subsequent generations were chosen randomly from 
the selected line. Beginning with the 2nd selected 
generation, 50 to 54 males from the unselected laboratory 
colony were bioassayed to serve as a control. 
Pheromone production. Pheromone production by 
females in the male-selected line and by females in the 
unselected laboratory colony 
was measured at the 
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conclusion of the selection experiment. Pheromone titer 
was measured by GLC analysis of solvent extracts of 
excised pheromone glands. Details of the procedures used 
are described elsewhere (Chapter 6). 
Statistical analysis. The duration of wing fanning 
was not normally distributed, due primarily to a large 
number of males that did not wing fan at all. Thus, 
nonparametric tests were used to compare the selected and 
control lines. The Mann-Whitney U statistic was 
calculated for each comparison. A value, t f was then 
s 
computed based on the U statistic (Sokal and Rohlf 1981, 
page 435), and used to test the significance of observed 
dif ferences. 
The contingency chi-square test was used to compare 
the relative incidence of wing fanning between the 
selected line and controls. A t test was used to assess 
the significance of realized heritabilities estimated from 
the selection response for males, and for comparing the 
amount of pheromone produced by females in the selected 
and control lines. 
96 
Results and Discussion 
Artificial selection resulted in a significant 
reduction in male response. The mean (+ SD) duration of 
wing fanning observed in the still-air bioassay increased 
from 5.36 +_ 13.65 sec in the initial unselected generation 
to 17.40 + 26.98 sec in the 6th and final selected 
generation (Fig. 4.1). Selection appeared to produce no 
change in responsiveness through the 2nd selected 
ror control generation; the mean response was greater 
males (from an unselected laboratory colony) than males 
from the selected line in the 2nd generation. A 
significant difference between the selected and control 
lines first appeared in the third generation (t = 1.68; 
p < 0.05). However, this difference was primarily due to 
an unexplained decrease in the duration of response in the 
unselected laboratory colony. The selected and control 
lines were not significantly different in the 4th 
generation, although the mean duration of wing fanning in 
the selected line increased from 8.55 + 14.02 sec in the 
3rd generation to 14.98 ± 26.52 sec in the 4th generation. 
The duration of wing fanning was significantly different 
than the controls in the 5th and 6th generations 
^s ~ 2.53 and 2.44, 
respectively; P < 0.05). 
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Figure 4.1 
Mean (+_ SD) duration of wing fanning to 0.1 ng of a 65% ZE 
blend of pheromone in a line selected for increased 
response (solid line) and for males from an unselected 
laboratory colony (dashed line). 
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The percentage of males that wing fanned in the 
selected line ranged from 26.9 to 58.0. The average for 
the 6 generations of selection was 44.5%. The comparable 
percentage for males in the unselected laboratory colony 
ranged from 32.0 to 50.0, with an average of 36.2% 
(significantly different, = 5.99; P < 0.05). However, 
there were no significant differences between the 
percentage of males that wing fanned in the selected line 
and the control population within generations (test; 
P > 0.05). 
From an examination of Figure 4.1, it appears that 
an upper selection limit may have been reached during the 
6 generations of selection. This is consistent with the 
limited heritable variation in the duration of wing 
fanning for the 65% ZE blend that was used in this study; 
the estimated heritability of wing fanning for this blend 
is not significantly different from zero (Chapter 3). 
The selection differential is the difference 
between the mean of the selected individuals and the 
population mean. Since selected males were mass reared, 
the contributions of individual males to the next 
generation are not known. Thus, it is necessary to assume 
that all selected males contributed equally. The mean 
(+ SD) selection differential during the 6 selected 
generations was 30.27 + 10.40 sec (Fig. 4.2). Selection 
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intensity is a standardized measure of selection pressure 
calculated as the selection differential divided by the 
phenotypic standard deviation. Mean selection intensity 
for the 6 selected generations was 1.57 +_ 0.28. 
Realized heritability. The heritability (h2) of a 
character provides an estimate of the portion of total 
variance that is due to the additive effects of genes 
(Falconer 1981). This is the component of variance that 
is subject to selection (natural or artificial). 
Heritability estimates also measure the degree of 
resemblence between relatives, and can be used to predict 
the response to selection. Heritabilities for response to 
several pheromone blends were presented in Chapter 3. The 
duration of wing fanning when exposed to 0.1 ng of blends 
with 25 or 44% ZE was significantly heritable 
(h = 0.377 +_ 0.113 and h = 0.385 +_ 0.095, respectively). 
However, heritability of response to 0.1 ng of a 65% ZE 
blend was not significant (h2 = -0.145 + 1.03). Since a 
65% ZE blend was used in the selection experiment reported 
in this study, response to selection cannot be predicted 
based on the heritability estimate. 
Realized heritability is a comparable measure based 
on the observed response to selection relative to the 
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Figure 4.2 
Response to selection for increased duration of wing 
fanning plotted against the cumulated selection 
differential. Realized heritability is equal to twice the 
slope of the regression line (Y = 4.47 + 0.08 X). 
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selection differential. Realized heritability can be 
estimated from the slope of the regression line of the 
cumulated selection differentials on generation means 
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(Falconer 1981, p. 184). Realized heritability (+ SE) for 
wing fanning by males in the selected line was 0.16 +_ 0.02 
(t = 6.75, df = 4; P < 0.01) (Fig. 4.2). This result 
suggests that only a small portion of the phenotypic 
variance is due to additive genetic factors, and is 
consistent with earlier findings for the pink bollworm 
(Chapter 3). 
Selection for reduced male response to 
fema1e-produced sex pheromone in the dermestid beetle, 
Irogoderma granarium Everts, yielded a 5-fold increase in 
the quantity of pheromone needed to elicit the same level 
of response as observed in a control line (Rahalkar et al. 
1985). However, equivalent behaviors could result from 
increased reliance on alternative mate-location mechanisms 
without changes in the pheromone response threshold. 
Thus, there may be more ways to raise than to lower the 
response threshold. Selection for increased response in 
1- .g_ranarium was not attempted, while in the present study 
selection for reduced response was not attempted. The 
degree of symmetry in either population is not known. 
Evolutionary changes in pheromone-mediated 
communication systems will depend on selective forces that 
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affect both signal production and response (Alexander 
1962, Kyriacou and Hall 1986). The same or closely linked 
genes influence both the pheromone blend produced by pink 
bollworm females and the specificity of response by males 
(Chapter 6). However, such genetic coupling has not been 
found between the pheromone gland titer and wing fanning 
duration by males (Chapter 7). Genetic coupling between 
pheromone production and response characters was not found 
in the current study. The mean blends produced by females 
in the male-selected line and by females from the control 
population were nearly identical [43.01 + 1.46 (n = 
and 42.98 0.87% ZE (n = 10), respectively; t < 1, 
P > 0.05)]. The mean amount of pheromone produced by 
females in the selected line was 21.1 + 6.8 ng (n = 20), 
compared to 23.8 + 8.1 ng (n = 10) for the control 
population (not significantly different, t < 1; p > 0.05) 
The selective forces acting on the amount of pheromone 
produced and the response threshold may be different than 
those affecting the qualitative, blend-related characters. 
Genetic coupling may not be as important for quantitative 
aspects of the communication channel. 
Genetically-based variation is available for both 
emission and response characters (Chapters 5 and 3). 
Artificial selection for increased pheromone production 
was rapid (Chapter 7), and selection for more responsive 
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males was demonstrated in this study. Thus, evolution of 
the pheromone communication system resulting from the use 
of synthetic pheromone may be more likely to occur through 
a change in the amount produced than a change in blend. 
Laboratory and field populations may be subject to 
different selective forces. Stablizing selection, assumed 
to limit variance in communication systems in the field, 
may be relaxed in the laboratory. However, the highly 
restricted range of pheromone blends found in wild 
populations (Haynes et al. 1984), and the recent report of 
elevated emission rates for populations in fields treated 
with synthetic pheromone (Haynes and Baker 1987), are 
consistent with our laboratory findings. 
Resistance to synthetic pheromone could be achieved 
through elevated pheromone emission by females, enhancing 
their apparency to males. A concomitant increase in male 
response threshold could miminize inappropriate responses 
to synthetic pheromone sources. This could be 
accomplished through selection for less responsive males. 
However, the same result might be achieved through CNS 
habituation or peripheral adaptation. A comparison of 
response levels among males from pheromone-treated fields 
with males from fields not so treated would help to 
determine if males are able to locate females without any 
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genotypic changes, or if the use of synthetic pheromone 
has altered innate male response thresholds. 
Chapter V 
HERITABLE VARIATION IN PHEROMONE PRODUCTION 
The genetic basis of intraspecific chemical 
communication systems has received little attention. The 
inheritance of signal production and response has been 
analyzed with interspecific crosses (e.g., Ewing 1969, 
Grant et al. 1975, Sanders et al. 1977, Grula and Taylor 
1979) or intraspecific crosses between strains known to 
differ in pheromone production and response (e.g., Klun 
and Maini 1979, Lanier et al. 1980.). Studies of other 
communication modalities have also employed inter— or 
intraspecific hybrid crosses (e.g., Hoy et al. 1977). 
However, an understanding of the evolution and maintenance 
of pheromone systems depends upon a knowledge of 
intrapopulation variation and its heritability. Studies 
of such variation are few (e.g., Miller and Roelofs 1980), 
and heritability has not been previously estimated for any 
aspect of pheromone communication systems. 
Long distance sexual communication in the pink 
bol1worm moth, Pectinophora gossypiella (Saunders), is 
based on a two-component pheromone produced by females. 
The pheromone is a roughly 1:1 mixture of the (.Z,E)- and 
(Z,Z)- isomers of 7,11-hexadecadienyl acetate (ZE and ZZ, 
respectively) (Hummel et al. 1973, Bierl et al. 1974). 
This is the blend used commercially to reduce mating among 
field populations (Doane and Brooks 1981). The potential 
10? 
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for evolution of new pheromone strains which are 
"resistant" to disruption of long distance communication 
using synthetic pheromone will depend upon the nature and 
extent of available variation in pheromone production. 
We examined variation in pheromone production in a 
laboratory population, and estimated the heritability of 
component ratio and amount of pheromone produced. 
Heritability is a measure of the fraction of total 
phenotypic variance attributable to additive genetic 
variance (i.e., total genetic variance less nonadditive 
variance due to dominance and interaction deviations). 
Heritability is a function of the genetic factors 
influencing the character itself, the environmental 
conditions, and the genotypic frequencies in the 
population. Heritability estimates can be used to predict 
the rate of change in average phenotype in response to 
selection pressure in the field or in the laboratory. 
The genetic correlations between the amount of the 
ZE and ZZ isomers produced, and between the amount of 
pheromone produced and the blend composition, were also 
estimated. Genetic correlation is a measure of the extent 
to which two characters are influenced pleiotropical1y by 
the same genes or by closely linked genes, and is based on 
the additive component of total genetic variance. 
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Materials and Methods 
Rearing Procedures. Moths came from a laboratory 
colony of _P. gossypiella maintained at the University of 
Massachusetts from September, 1982, until the beginning of 
this study in June, 1983 (ca. 10 generations). Minimum 
colony size was ca. 400 individuals. The colony was 
started from ca. 1200 pupae from the USDA Pink Bollworm 
Rearing Facility in Phoenix, AZ. The USDA colony 
originated in Maricopa Co., AZ., and has been in culture 
for approximately 50 generations. 
The wheat germ/soy bean flour diet and rearing 
methods were modified from those of Dr. F.D. Stuart (pers. 
comm.). Larvae were reared individually with ca. 5 g of 
diet in 21 ml clear plastic cups covered with paper lids. 
Pupae were removed after 17 days, sexed , and placed 
individually in 85-by-15 ml glass tubes stoppered with 
cotton plugs. The tubes were checked daily for adult 
emergence. 
Newly emerged adults (less than 1 day old) were 
selected randomly and used to produced families of full 
sibling females for analysis of pheromone production. 
Male-female pairs were placed in 7.5-by-7.5-by-2.8 cm 
clear plastic oviposition cages. Sucrose solution (7.5%) 
was available to the adults in 1.9 ml vials with cotton 
no 
wicks on the bottom of each cage. Paper oviposition 
substrates were changed daily. To segregate the progeny 
of each male-female pair, the oviposition substrates were 
sealed in 15-by-l5-by-2 cm plastic bags until larval 
hatch. The progeny were then reared individually as above 
to avoid interactions that might increase environmental 
sources of variation in pheromone production. Sucrose 
solution (7.5%) was applied daily to the cotton plug in 
test tubes with adult females. All life stages were kept 
at 27°C and 15L:9D. 
Gland samples. Pheromone production was measured 
by GLC analysis of solvent extracts of pheromone glands 
excised from 2-3 day old virgin females. Females were 
prevented from emitting pheromone prior to sampling by 
keeping them in the light. Samples were collected during 
what was normally the 1st hour of the scotophase when 
pheromone titer is highest (Collins, unpublished data). 
Females were anesthetized with nitrogen for ca. 5 sec. 
The abdominal tip was forcibly extruded (by squeezing the 
abdomen), cut off, and immersed for 1 hr in 50 ul of 
n-hexane with 10 ng of (Z)-9-tetradecenyl acetate as an 
internal standard. Preliminary tests indicated that 
immersion for 1 hr extracts 91.7% of the pheromone 
present, and the amount of contaminants extracted 
increases disproportionately 
as immersion time increases 
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above 1 hr. Samples were stored at -15°C in 400 ul test 
TM 
tubes placed inside 3.7 ml screw-cap vials with Teflon 
cap liners. To prevent evaporation of solvent from the 
open test tubes, 100-200 ul of n-hexane were added to each 
vial. 
GLC Analysis. Gland extracts were evaporated to 
0.7-1.0 ul under a stream of nitrogen before injection. 
Samples were injected on 2-mm-by-3-m glass columns packed 
with 10% Silar 10 CP on Chromosorb W, DMCS AWW (100/120 
mesh). GLC analyses were run isothermally at 170°C. The 
product of peak height and retention time was used as an 
index of peak area for the pheromone components and the 
internal standard. Absolute amounts were estimated by 
comparing values for each component with the corresponding 
value for the internal standard. Pheromone component 
blends were estimated by comparing relative index values. 
The precision of blend estimates is related to the amount 
of pheromone injected, as reflected by peak height. 
Therefore, component blend estimates were not used if the 
smaller component peak was less than 10% and the larger 
peak was less than 20% of full scale. The error 
associated with the analysis procedure was assessed by 
making repeated blend estimates with a reference solution 
containing a 1:1 mixture of the ZE and ZZ isomers. The 
coefficient of variation for these estimates is 1.0%. 
Genetic analysis. Within family variation in 
pheromone production was examined in female siblings 
produced by matings between males and females selected 
112 
randomly from the main colony. Heritability was estimated 
for the amount of each pheromone component, the component 
blend, and the total amount of pheromone present in the 
gland extracts of these families. Estimates were also 
made of the genetic correlations between amounts of the 
two pheromone components and between the total amount of 
pheromone and the component blend. Heritabi1ities and 
genetic correlations were estimated as described by Becker 
(1975) for unequal family sizes. 
The effect of inbreeding on variation in pheromone 
.production was examined by rearing a second generation 
(f2) of adults. Male-female pairs of full sibling adults 
less than 1 day old were randomly selected from the F 
offspring of the original pairs. Eggs were collected and 
reared, and pheromone was quantified as before. Pheromone 
gland excision renders females incapable of reproduction. 
Therefore, females used to produce the F., generation were 
siblings of the Fj females that were sampled. GLC 
analysis was performed as before. F2 offspring were not 
derived from all F, fami 1 -i tk * 1 ramiiies. Therefore, where 
intergeneration comparisons are reported, F 
values 
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include only observations made for females in families 
which produced F^ offspring, unless otherwise noted. 
Interstrain comparison. The degree to which the 
pattern of variation in pheromone production in a 
particular laboratory strain reflects similar variation in 
field populations is not known. Therefore, we compared 
the results from the colony described above (strain A) to 
variation in a second strain (B) , also from the USDA Pink 
Bollworm Rearing Facility. Strain J3 was started by 
crossing females from the original laboratory colony (the 
source of strain A) with males field-captured at the 
Arizona State University Farms on 5 August, 1983. Strain 
- pupae were sent to the University of Massachusetts in 
March, 1984, where they were maintained as described 
above. Pheromone was extracted from excised glands in 50 
ul of "-hexane with 8 ng of (Z )-9-1etradeceny1 acetate as 
an internal standard. Samples were evaporated to dryness 
under a stream of nitrogen, reconstituted with 2-3 ul of 
carbon disulfide, evaporated to 0.7-0.8 ul, and injected 
on a 30 m SP-2340 fused silica capillary column. Column 
temperature was increased from 120°C to 200°C at a rate of 
3°C per min. 
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Results and Discussion 
Genetic correlations. The estimated genetic 
correlation between the amount of the ZE and ZZ isomers 
extracted from excised pheromone glands is 0.989 among all 
Fj females (n = 459). Estimates of pheromone amounts were 
transformed by (X+0.25) ^ for all statistical analyses to 
correct for departures from normality in the distributions 
of these data. This highly significant correlation 
(F test, P < 0.01) suggests that the genetic factors 
controlling the production of the two isomers are either 
identical or closely linked. Therefore, consideration of 
the blend of pheromone components as a single character is 
valid . 
The genetic correlation between the total amount 
of pheromone in gland extracts and the percent ZE isomer 
among individuals is 0.236 (n = 459). The relatively low 
significance of this correlation (F test, P < 0.05) 
suggests that the characters are largely controlled by 
different genetic factors. Thus, predicted responses to 
selection for high or low component blends will not depend 
on the amount of pheromone produced if heritability is 
sufficiently high. However, genetic correlations reflect 
the net effect of all genes influencing the characters, 
and may underestimate the overall degree of pleiotropy if 
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there are several genes with opposing pleiotropic effects 
(see Falconer 1981, p. 281). 
Pheromone component blends. The mean percent 
(+_ SD) of the ZE isomer was 44.2 _+ 2.3 (n = 563) among 
extracts from pheromone glands excised from all 
females. This percent varied relatively little, but 
values ranged from 34.6 to 52.2 for individual females 
(Fig. 5.1). Miller and Roelofs (1980) reported a similar 
pattern of narrow variation in pheromone component 
proportions in the redbanded leaf roller moth, Argyrotaenia 
velutinana (Walker). The coefficient of variation which 
they estimated for both a field and a laboratory 
population of this species was 9.7% [computed from data 
transformed by sin ^(X^^], compared to 5.3% for P. 
g_ossypiella. Since only intermediate values (30-70%) were 
observed, blend estimates were not transformed in the 
present study (e.g., see Steel and Torrie [1960], p. 158). 
Significant differences were found among family 
means (ANOVA, P < 0.05), which ranged from 40.9 + 2.2 
(n = 8) to 47.4 + 1.9 % (n = 10) ZE isomer. Heritability 
— this character was estimated to be 0.342 + 0.084 
(significantly different than zero, t test, P < 0 01) 
These data suggest that additive genetic variation among 
families constitutes a significant portion of the 
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Figure 5.1 
Percent (_Z , _E) - 7 , 11 -hexad ecad i en y 1 acetate in extracts of 
excised pheromone glands for all and F2 females. 
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relatively limited degree of total individual variation 
observed in this laboratory colony. 
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Heritabi1ities for characters closely associated 
with reproductive fitness are often low (Falconer 1981), 
reflecting reduced additive genetic variance due to 
stabilizing selection. For example, heritability 
estimates for ovary size (Robertson 1957a) and egg 
production (Robertson 1957b) in Drosophila melanogaster 
(Meigen) were 30 and 18%, respectively, whereas estimates 
for body size (Robertson 1957b) and abdominal bristle 
number (Clayton et al. 1957) were 43 and 51%, 
respectively. The observed heritability of pheromone 
blend is intermediate between these values. Therefore, 
the emission of a precise blend within the observed narrow 
range may not be critical to reproductive success. 
The primary functions of pheromone-based long 
distance sexual communication systems are mate location 
and reproductive isolation (Carde and Baker 1984). 
Individuals presumably attain the highest fitness by 
producing the blend which elicits appropriate responses 
from the highest portion of the opposite sex. Members of 
the responding sex may similarly benefit by responding 
preferentially to the blend most commonly produced. 
Stabilizing selection may thus simultaneously limit 
variation in signal emission and response behavior. 
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However, males may increase their fitness, at least in the 
short run, by responding to a wide range of pheromone 
blends. Such "generalists" would presumably enhance the 
likelihood of finding a mate by responding to a larger 
portion of the female population. This behavior would 
diminish the intensity of stabilizing selection acting on 
pheromone production by females. 
The relative effectiveness of these opposing 
selective forces will depend on factors such as the extent 
of variability in pheromone production by females, the 
presence of sympatric species using blends of the same 
pheromone components (Rothschild 1975), the "opportunity 
costs" associated with responses to inappropriate stimuli, 
mating frequencies, and the degree of linkage between the 
genetic factors controlling pheromone-mediated behavior. 
In addition, Smith et al. (1978) suggested that in dense 
populations, a large proportion of matings by P. 
&ossypiella may result from male-female encounters 
attributable to undirected male flight. Thus, a precise 
communication signal may affect reproductive fitness 
primarily at "low" population densities. 
Pheromone amounts. The mean amount ( + SD) of 
Pheromone (ZE plus ZZ- isomers) extracted from the glands 
all Fx females was 21.0 ± 12.4 ng (n = 581). Amounts 
extracted from individual females ranged from below the 
120 
lowest detectable limit (ca. 0.5 ng) to 73.5 ng (Fig. 
5.2). A similar variation in gland titer was observed for 
_A. velutinana (Miller and Roelofs 1977). Family means 
ranged from 6.4 + 2.4 (n = 3) to 39.6 _+ 16.8 (n = 16) ng 
of pheromone and were significantly different (ANOVA, 
P < 0.01) . 
Heritability (_+ SE) of the total amount of 
pheromone in gland extracts was 0.410 ± 0.089 (estimated 
from transformed data). Although greater than the 
estimated heritability of pheromone blend composition, 
these heritabilities are not significantly different 
(t test, P > 0.05). Heritabilities of the amounts of the 
ZE and ZZ isomers were 0.483 + 0.024 and 0.446 + 0.020, 
respectively. The similarity of these values again 
reflects the presumed common genetic basis of the two 
characters. 
Effects of inbreeding. Although the distribution 
of pheromone blends observed for extracts of glands 
excised from the inbred F2 females appears to be more 
narrow than for all Fj females (Fig. 5.1), the 
distributions are not significantly different (X2 test, 
P > 0.05). The mean percent of ZE isomer (+ SD) was 
4^-9 + 1.6 (n _ 126) for F i 
_ v itv) tor f2 females, compared with 
44-5 + 2.5% (n = 337) for females sampled in F1 families 
that produced F., offspring (not significantly different, 
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t test, P > 0.05). Thus, inbreeding had no identifiable 
effect on the blend of pheromone components produced. 
The frequency distributions of total amount of 
pheromone extracted from glands of all F^ and of all F2 
2 
females (Fig. 5.2) were significantly different (X test 
on transformed data, P < 0.01). Furthur, the mean amount 
of pheromone extracted from F^ female glands was 
15.1 + 10.5 ng (n = 166), and was significantly lower than 
the 21.4 + 12.2 ng (n = 388) from females in F^ families 
that produced F^ offspring (t test on transformed data, 
P < 0.01). This respresents a 26.0% reduction in 
pheromone production in a single generation of systematic 
inbreeding. Minks (1971) reported a similar reduction in 
pheromone content in an inbred stock of Adoxophyes orana 
(Fischer von Ros1erstamm). We observed other signs of 
inbreeding depression, including reduced fecundity and 
larval survival. 
Inbreeding results in increased homozygosity at 
all loci. Therefore, inbreeding redistributes genetic 
variation by decreasing the variability within inbred 
lines (families). The extent of this redistribution is 
reflected by the intraclass correlation, a measure of 
between-fami1y variation as a proportion of total 
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Figure 5.2 
Amount of pheromone [(Z.»E.)~ plus isomers of 
7,11-hexadecadieny1 acetate] extracted from excised 
pheromone glands for all and F£ females. 
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variation. The estimated value (+ SE) for this 
correlation increased from 0.160 + 0.055 for pheromone 
blends observed for females in F^ families that produced 
F progeny, to 0.386 + 0.099 for ?2 females. The 
intraclass correlation for total amount of pheromone 
(calculated from transformed data) exhibited a smaller 
response, increasing from 0.217 _+ 0.059 for F^ females to 
0.283 + 0.086 for F2 females. Although neither of these 
changes is significant (X^ tests, P > 0.05), their 
magnitudes suggest that systematic inbreeding could result 
in considerable divergence in family lines in a relatively 
short period of time, and could be useful for further 
investigations of the genetic basis of pheromone 
production in this species. The degree of previous 
inbreeding will influence the magnitude of phenotypic 
responses to subsequent systematic inbreeding. However, 
the extent of inbreeding in the laboratory colony before 
this study is not known and outbred controls were not 
examined. 
Interstrain comparison. Variation in pheromone 
blends produced by females in strain B was similar to 
variation observed in strain _A (as reported above, Fig. 
5.1). The mean percent of the ZE isomer in pheromone 
gland extracts in strain B. was 43.8 _+ 2.9 (n = 73). This 
is not significantly different than the 44.2 + 2.3% mean 
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blend observed for females from the _A strain (t test, 
P > 0.05). The mean amount of both isomers in strain _B 
was 24.0 _+ 13.2 ng (n = 73). This is 14% greater than the 
mean of 21.0 +_ 12.4 ng observed for all strain A_ females. 
However, these means are not significantly different 
(t test on transformed data, P > 0.05). These data 
su88est that prior inbreeding, random genetic drift, 
linkage to loci that influence correlated characters, or 
unidentified selective pressures within the laboratory 
colony (strain _A) have not had a major impact on allele 
frequencies at loci which determine pheromone blends or 
the amount of pheromone produced. However, strain B 
incorporated only field collected males, and it had been 
reared for several generations in the laboratory before 
this study. A more rigorous comparison of the laboratory 
colony to field populations would require the examination 
of field captured females. 
Field populations of P. gossypiella are managed by 
application of a 1:1 mix of the ZE and ZZ isomers in 
either hollow fiber (Doane and Brooks 1981) or plastic 
laminate (Henneberry et al. 1982) formulations. Although 
the processes promoting disruption of mate-finding in this 
system are not fully documented, several mechanisms appear 
Plausible: (1) the omnipresence of synthetic pheromone 
could camouflage the aerial trail of pheromone from the 
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female; (2) habituation/adapatation could raise the 
threshold of responsiveness or eliminate the response 
altogether; and (3) attraction of males to point sources 
of synthetic pheromone could compete with the females 
(Carde 1981). The efficacy of each of these mechanisms 
could depend in part on how closely the formulated 
disruptant matched the naturally emitted pheromone. Use 
of the natural blend of pheromone components (44% ZE: 56% 
ZZ isomers) in disruptant rather than the 1:1 mix might 
elevate the level of mating disruption or it might allow 
the dose of disruptant to be decreased. 
Resistance to disruption of pheromone 
communication could evolve through a shift in the blend of 
pheromone components, an elevation in the rate of 
pheromone emission, or increased reliance on 
non-pheromonal cues in mate location (Carde 1981). If a 
point source formulation of disruptant is used, a variety 
of pheromone blends about the mean of the naturally 
produced blend could be dispensed. There might be 
difficulties in formulation, but this strategy could help 
forestall the development of resistance. The relatively 
low value estimated for heritability of the proportions of 
the two pheromone components in P. gossypiella indicates 
that the breeding value of females for aberrant blends is 
low, and thus their proclivity for producing female 
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offspring with similar aberrant blends also is low. 
Further, _P. gossypiella is a highly dispersive species 
(e.g., Stern 1979), and populations in pheromone-treated 
fields would probably mix with those of non—pheromone 
treated areas. A low level of immigration could be 
sufficient to offset the effects of selection pressure for 
a shift in pheromone component blends, provided the 
favored alleles are at low initial frequencies. However, 
assortative mating by pheromone blend phenotypes coupled 
with genetic correlation (due to linkage, pleiotropy, 
etc.) between pheromone production by females and male 
response traits could mitigate the effects of migration 
and low heritability of female-produced blends, and thus 
lead to the rapid evolution of 
new pheromone strains. 
Chapter VI 
SELECTION FOR NOVEL PHEROMONE BLENDS 
Introduction 
The evolution of pheromone communication systems 
depends on their genetic bases and the selective forces 
acting upon them. Studies of genetic variation in 
lepidopteran pheromone systems have been limited. 
Inheritance of signal production and response has been 
examined primarily by interspecific (Grant et al. 1975, 
Sanders et al. 1977, Grula and Taylor 1979) and 
interstrain (Klun and Maini 1979, Lanier et al. 1980) 
crosses. Selection for novel pheromone strains in a 
laboratory population of the redbanded leafroller moth, 
Argyrotaenia velutinana (Walker) yielded small but 
significant shifts in the blend produced by females, but 
selection was carried out for only two generations (Du et 
al. 1984). 
The inheritance of pheromone communication in the 
pink bollworm, Pectinophora gossypiella (Saunders), is of 
particular interest because synthetic pheromone is used 
commercially to disrupt mating in field populations (Doane 
and Brooks 1981). The long distance sex pheromone of the 
pink bollworm consists of a blend of (.Z,E)- and 
(Z,Z)-7,11-hexadecadieny1 acetate (ZE and ZZ, 
respectively) (Hummel et al. 1973, Bierl et al . 1974). 
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The mean (;f SD) blend in pheromone glands of females from 
a laboratory population was 44.2 + 2.3% ZE (Chapter 5). 
Using an air-borne collection technique (Baker et al. 
1981), mean blends were 38.3 and 38.1% ZE for females 
collected in pheromone—treated and insecticide—treated 
fields, respectively (Haynes et al. 1984). 
Mechanisms for the development of resistance to 
communication disruption could involve a shift in the 
pheromone blend, an elevation of the emission rate, or 
increased reliance on nonpheromonal cues in mate location 
(Carde 1976, 1981 ). The potential for evolution of 
resistance has been examined by comparing the blend 
produced by females from pheromone-treated fields to 
females from fields where pheromones have not been used 
(Haynes et al. 1984). No significant differences were 
found. However, significant heritabi1ity, which measures 
the fraction of the total phenotypic variance attributable 
to additive genetic effects, has been demonstrated for 
both female blend (Chapter 5) and male response characters 
(Chapter 3). 
In the present study we report the response to 
artificial selection for pheromone blends different from 
the mean blend produced by unselected females in a 
laboratory population of the pink bollworm. The nature 
and magnitude of the selection 
response will provide 
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insight into the genetic basis of the pheromone-based 
sexual communication in this moth, and will help to assess 
the likelihood and potential rate at which resistance 
could develop in control programs using synthetic 
pheromone. 
Both signal production and response behavior must 
change in concert to have significant evolutionary 
consequences. If signal production and response are 
controlled by the same or closely linked genes, then the 
rate of evolution in these systems could be greatly 
enhanced (Alexander 1962, Kyriacou and Hall 1986). Such 
genetic coupling was examined by measuring the effect of 
selection for female-produced pheromone blends on aspects 
of male response behavior. 
Materials and Methods 
Rearing Procedures. Moths used to initiate the 
selected lines and those used as controls were obtained 
from a laboratory colony maintained at the University of 
Massachusetts (Chapter 5). Families used in the selection 
experiments were started by placing individual male-female 
pairs in 7.5-by-7.5-by-2.8-cm clear plastic oviposition 
cages. Sucrose solution (7.5%) was available to the 
adults in 1.9-ml vials with cotton wicks on the bottom of 
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each cage. Paper oviposition substrates were changed 
daily. To segregate the progeny of each male—female pair, 
oviposition substrates were sealed in 15-by-l5-by-2-cm 
plastic bags until the larvae hatched. 
Newly hatched larvae were transferred to 21-ml 
clear plastic cups covered with plastic lids. Each cup 
contained ca. 5 g of wheat germ/soybean flour diet 
(Chapter 5). Three larvae were placed in each cup. This 
provided an average yield of about one pupa per cup. 
Pupae were removed after 17 days, sexed, and placed singly 
in 85-by-15-mm glass test tubes closed with a cork stopper 
(males) or a plug of cotton (females). Females were fed 
on the day of adult emergence with ca. 0.5 ml of 7.5% 
sucrose solution applied to the cotton plug. All life 
stages were kept at 27°C and LD 16:8 photoperiod. 
Gland Samples. Pheromone production was measured 
by GLC analysis of solvent extracts of pheromone glands 
excised from 2-day-old virgin females during the first 
1 hr of the scotophase. Females were immobilized (but not 
killed) by placing them in a freezer at -15°C for ca 
10 min. The abdominal tip was then forcibly extruded by 
squeezing the abdomen, severed, and immersed for 1 hr in 
100 ul of n-hexane with 20 ng of (Z)-9-tetradeceny1 
as an internal standard. actetate added 
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The mean blend of pheromone components in each 
family was estimated by a pooled sample that consisted of 
the pheromone glands of 5 full-sibling females extracted 
in the same 100 ul of solvent. Thus, the contribution of 
each individual to the estimated family mean was weighted 
by the amount of pheromone produced. The validity of this 
procedure depends on the relationship between weighted and 
unweighted means, and was examined by using data 
previously reported for individual pink bollworm females 
(Chapter 5). Unweighted family means were calculated from 
individual blend estimates and weighted means from pooled 
estimates of the total amount of each component produced 
by all females in the family. The correlation coefficient 
between the weighted and unweighted means was 0.958 among 
families in which 5 or more females were measured and is 
highly significant (t = 30.80, n = 87; P < 0.001). Thus, 
the pooled estimates accounted for 91.9% of the total 
variation in family means calculated from individual 
measurements. Only a small increase in variance in the 
estimated family means was attributable to unequal 
contributions by individual females. Therefore, the 
pooled estimates appear to be statistically valid and 
require only a single sample for each family, thereby 
greatly reducing GLC analysis time. 
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Computer simulations of the sampling process were 
made using the data presented in Chapter 5 to determine an 
appropriate number of females to use in each pooled 
sample. Based on 5000 randomly generated samples for each 
sample size, the average error (± SD) in the estimated 
mean blend decreased from 1.41 + 1.60 to 0.65 + 0.32% ZE 
as the number of females in the pooled sample increased 
from 1 to 5. When more than five females were used per 
sample, the average error did not decrease appreciably. 
When 5 females were used in each sample, 80.1% of the 
estimates were within 1.0% of the mean estimated from 
individual measurements. Therefore, 5 females per family 
were used to estimate family means in the selection 
experiments described in this paper. 
Samples were stored at -15°C in 400 ul test tubes 
placed inside 3.7-ml screw-cap vials with Teflon™ cap 
liners. To prevent evaporation of solvent from the open 
test tubes, 100 to 200 ul of n-hexane were added to each 
vial. 
GLC Analysis. Pooled gland extracts were 
evaporated to 1.4-1.6 ul under a stream of nitrogen before 
injection. Samples were injected on a 2-mm-by-3-m glass 
column packed with 10% Silar 10 CP on Chromosorb W, DMCS 
AWW (100/120 mesh). GLC analyses were run isothermally at 
180°C. The product of peak height x retention time was 
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used as an index of peak area for the pheromone components 
and the internal standard. Absolute amounts were 
estimated by comparing values for each component with the 
corresponding value for the internal standard. Pheromone 
blends were estimated by comparing relative index values. 
Samples collected for the 3rd generation in the 
selected lines were evaporated to 0.7-0.8 ul and injected 
on a 30 m SP-2340 fused silica capillary column. Column 
temperature was increased from 120 to 200°C at a rate of 
3°C/min. Quantification was performed as above. 
Selection Regime. Individual selection based on 
pheromone production was not possible because the excision 
of the pheromone gland renders the female incapable of 
reproduction. Further, examination of pheromone glands 
after the female has completed oviposition is not 
feasible, as post-mating pheromone content in gland 
extracts is negligible or too low to permit accurate blend 
measurement. Therefore, sib selection was employed. This 
is a form of family selection in which the females used to 
produce the next generation in each line were full 
siblings of the females that were measured. 
Twenty families were started from male-female pairs 
chosen randomly from the laboratory colony. The pheromone 
blend produced by female progeny in each of these families 
was measured by GCL analysis of a pooled sample of 5 
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full-sib females as described above. Selection was based 
on these blend estimates. 
A "high" line was initiated from moths in the 4 
families with the highest percentage of the ZE isomer. 
Males and unsampled females in these families were paired 
to produce the families that constituted the first 
selected generation in the high line. To minimize 
inbreeding, we did not use sibling pairs. Similarly, 
males and females were selected from the 4 families with 
the lowest percentage of the ZE isomer and used to start a 
"low" line. 
In subsequent generations, an average of 21.1 
families was examined in each line (range: 14 to 25), and 
the highest (or lowest) 4-6 families were selected to 
begin the next generation. Selection in the high line was 
continued for 12 generations. Selection in the low line 
was discontinued after the 5th selected generation. 
Females chosen randomly from the unselected 
laboratory colony were used as controls beginning with the 
6th generation. Pooled samples of 5 females each were 
collected as above. Intergenerational and be tween-1ine 
comparisons were made using nonparametric statistics. The 
Mann-Whitney U statistic was calculated for each 
comparison. Where n > 20 for either distribution, 
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comparisons were made using a value, tg, computed from the 
Mann-Whitney U statistic (Sokal and Rohlf 1981, page 435). 
Additional samples were collected for individual 
females in the 12th generation from 17 families to further 
document the validity of the pooled—sample procedure. 
Abdominal-tip extracts were collected from individual 
females and blends were estimated using the procedures 
described above, except that only 4.0 ng of 
(Z)-9-tetradeceny1 actetate was added as an internal 
standard. Individual samples were also collected from 
females randomly chosen from the laboratory colony. 
Reciprocal Crosses. Reciprocal crosses between the 
high line and moths from the unselected laboratory colony 
were made to examine the genetic basis of pheromone 
production characters. Male-female pairs were set up as 
described above using moths from the high line in the 10th 
generation. Since moths in the five families with the 
highest estimated blend were used to produced the 11th 
generation, the high-line males and females used in the 
crosses were taken from the middle 10 families. Thus, the 
5 families with the highest blend and the 5 families with 
the lowest blend were not used. 
Pheromone production by females in each family was 
examined. Pooled samples containing the pheromone 
extracted from 5 females were measured as before. 
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Analysis of variance (ANOVA) was used to assess the 
significance of differences in the amount and blend of 
pheromone produced among crosses. The significance of 
differences between specific crosses was evaluated using 
the Student-Newman- Keuls’ multiple range test (Steel and 
Torrie 1 980). 
Relaxed selection. Although selection in the high 
line was discontinued after 12 generation, the line was 
continued by mass rearing without selection. After 6 
generations of relaxed selection, the blend and amount of 
pheromone produced by females was compared to 
contemporaneous females from our laboratory population. 
Mean blend and amount estimates were made from pooled 
samples of 5 females each. 
Male response. Although selection in the lines 
desribed above was based only on female-produced pheromone 
blend, the linkage or pleiotropic effects of genetic 
factors influencing production and response was examined 
by measuring male response in each of the female-selected 
lines. The extent to which unselected male response 
"tracks" changes in blend provides an indication of the 
genetically based relationship between these characters. 
The response of males was examined with a 
wing-fanning bioassay (Chapter 2). On the day after 
emergence, each male to be tested was transferred to a 
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10-cm-long-by-2.5-cm diam glass tube with a 1-cm-long 
centrally-located transverse slit. The open ends and 
transverse openings were sealed with parafilm. Male pupae 
were kept individually in closed test tubes and isolated 
from female pupae and adults, and from sources of 
synthetic pheromone. Males were kept at 27°C and LD 16:8. 
Pheromone stimuli used in the bioassays consisted 
of 0.1 ng of pheromone (ZE plus ZZ isomers). Males were 
tested with one of three blends: 25% ZE, 44% ZE (the blend 
normally produced, see Chapter 5), and 65% ZE. Each 
stimulus was applied in 10 ul of solvent to a strip of 
filter paper. Solvent was allowed to evaporate, and the 
stimuli were then kept in separate 21-ml clear plastic 
cups with plastic lids. Approximately equal numbers of 
males within families were tested with each of the three 
blends. 
Males were tested during the 2nd or 3rd scotophase 
postemergence using a still-air bioassay. Each male was 
observed for ca. 2 min prior to bioassay. If spontaneous 
wing fanning was observed, the male was discarded. The 
parafilm covering the transverse opening was then removed 
and the male was observed for an additional 10-15 sec, and 
discarded if wing fanning was observed. Males were then 
bioassayed by inserting the pheromone-impregnated filter 
paper into the bioasssay tube. Each male was observed for 
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1.0 min and the total duration of wing fanning was 
recorded using a stop watch. Males were tested only once. 
Contamination due to inadvertent exposure to pheromone was 
minimized by filtering air with activated charcoal and 
glass wool, and then forcing this air over the tube during 
the bioassay. Air flowing over the bioassay tube was 
exhausted from the room in which the tests were conducted 
(Chapter 2). Bioassays were conducted during the last 
4 hr of the scotophase when males are most responsive 
(Graham et al. 1964, Van Steenwyk et al. 1978) at 27°C and 
light intensity of 1.8 lux. 
Response was first examined for males from the 20 
families in the initial unselected generation. Ten males 
were bioassayed per family. The same bioassay was 
repeated in the 5th generation for males in the high and 
low lines, and in the 12th generation for males in the 
high line. The mean numbers of males tested per family in 
the high and low lines in generation 5 were 11.8 and 13.3, 
respectively. The mean number tested per family in the 
12th generation of the high line was 14.2. Males selected 
randomly from the unselected laboratory colony were also 
tested during the 12th generation. 
The duration of wing fanning was not normally 
distributed because a large proportion of males did not 
respond at all. Thus, nonparametric statistics were used 
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to assess the significance of differences in response to 
the blends tested. The Mann-Whitney U test was used for 
comparisons between lines and generations; a value, tg, 
was computed based on this statistic (Sokal and Rohlf 
1981, page 435), and used to determine the significance of 
observed differences. For each generation, differences 
within lines were evaluated with the STP method of 
nomparametric multiple comparisons (Sokal and Rohlf 1981, 
p 438). 
Correlation analysis was used to estimate the 
relationship between between female pheromone production 
and male response. Two aspects of response were 
estimated: (1) overall responsiveness, or sensitivity to 
all pheromone blends, and (2) specificity, or relative 
response to different blends. Responsiveness in each 
family was calculated as the average of the mean responses 
for the three blends tested (25, 44 and 65% ZE). Response 
specificity was computed as the mean response to the 
65% ZE blend relative to the sum of the mean responses 
observed for all three blends. 
Results 
Response to selection for novel pheromone blends. 
Selection brought about a significant increase in the 
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percentage of the ZE isomer produced by females in the 
high line. The mean (+_ SD) pheromone blend among females 
in this line increased from 42.94 _+ 0.97% ZE isomer in the 
initial unselected generation to 48.23 + 1.25% ZE isomer 
in the 12th and final selected generation (Fig. 6.1). The 
mean blend in the high line was lower than the comparable 
mean in the low line after one generation of selection 
~ 275, P < 0.01), and the two lines were not 
significantly different in the 2nd and 3rd generations. 
Beginning in the 4th generation, the mean blend in the 
high line was significantly greater than the blend in the 
low line (Mann-Whitney U test; tg = 4.20; P < 0.01). The 
blend produced by females in the high line continued to 
increase throughout the remainder of the selection 
experiment, and remained significantly higher than the 
blend in the low line or the blend found for females from 
the unselected laboratory colony (Mann-Whitney U test; 
P < 0.01). It is apparent in Figure 6.1 that an upper 
selection limit was not reached during the 12 generations 
of selection. 
No response to selection was observed in the line 
selected for a low percentage of the ZE isomer. The 
blend produced in this line during the 5 selected 
mean 
generations was 42.96 ± 1.46, and ranged from 42.16 ± 1.45 
to 43.85 + 1.40% ZE (Fig. 6.1). The distributions of 
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Figure 6.1 
Mean (+_ SD) percentage of ( Z^, E^)-7 , 11- hexadecadieny 1 
acetate produced by females in lines selected for a high 
(solid line) and low (dashed line) percentages of this 
isomer, and by unselected females in a control line 
(dotted line ) . 
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blends in the first and third generations were 
significantly different from that observed for females 
sampled in the initial unselected generation, but blends 
observed in generations 2, 4, and 5 were not (Mann-Whitney 
U test; P = 0.05). Thus, selection had no consistent 
effect on the blend produced by females in this line. 
The asymmetrical response to selection may be 
attributable to; (1) genetic asymmetry if the population 
was initially closer to the selection limit in one 
direction than in the other, or (2) factors not directly 
associated with additive genetic variance such as random 
drift, indirect selection or maternal effects (Falconer 
1981). The basis of the observed asymmetry in the 
selection responses cannot be determined, since the lines 
were not replicated (Falconer 1973). 
The selection differential within a generation is 
defined as the difference between the mean of the selected 
individuals (or families) and the population mean. Since 
selected families differed in their contributions to the 
next generation, an effective selection differential was 
calculated by weighting each selected family according to 
the number of offspring used to produce families that were 
measured in the next generation (Falconer 1981). The mean 
(_+ SD) weighted selection differential during the 12 
selected generations in the high line was 2.02 +_ 1.13% 
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(Fig. 6.2). Thus, selection was relatively weak, which 
may account for the gradual selection response as well as 
the evident failure to reach a selection limit. 
Selection intensity is a standardized measure of 
selection pressure. It is calculated as the selection 
differential divided by the standard deviation of 
phenotypic values. The mean (jf SD) selection intensity 
was 1.25 +_ 0.28, which corresponds to ca. 20% of the 
measured families selected (Falconer 1981). The actual 
mean proportion of families selected per generation was 
22.98%. Thus, variation in the contribution of families 
to the next generation did not have a major effect on the 
selection process. 
Possible reasons for variation in the response to 
selection among generations include random drift due to 
small population size, sampling errors, environmental 
variation, and variation in selection differentials 
(Falconer 1981). The maximum weighted selection 
differential was 5.43 for the 3rd generation. The 
following (4th) generation was the first in which the mean 
blend was significantly higher than the means for the low 
line or controls. The next highest selection differential 
was 2.11. Thus, the variation available for selection (as 
evident in Figs. 6.1 and 6.2) was much larger in the 3rd 
generation than in any other generation. The initial 
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Figure 6.2 
Response to selection for high ZE:ZZ ratios plotted 
against the cumulated selection differential. Solid line 
= selected line; dashed line = regression line (Y = 42.44 
+ 0.248 X). Realized heritability is equal to twice the 
slope of the regression line. 
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success of selection in the high line thus appears to have 
been primarily due to the high level of variability m the 
3rd generation. 
Realized heritability. The heritability (h ) of a 
character provides an estimate of the portion of total 
variance that is due to the additive effects of genes 
(Falconer 1981). It is this component of variance that is 
subject to selection (natural or artificial). 
Heritability estimates also measure the degree of 
resemblence between relatives, and can be used to predict 
the response to selection. A significant heritability was 
% 
estimated for the pheromone blend produced by female pink 
2 
bollworms in our laboratory population (h ± SE = 
0.342 + 0.084; Chapter 5). Based on this estimate, the 
predicted response to selection in the present study was 
o 
4.15% [= h x 1/2 (since only females were measured) x the 
cumulative weighted selection differential]. The observed 
response was a 5.29% increase in the percentage of the ZE 
isomer and is in reasonable agreement with the predicted 
response. 
Realized heritability is a comparable measure based 
on the observed response to selection relative to the 
selection differential. Realized heritability can be 
estimated from the slope of the regression line of the 
weighted cumulated selection differentials on generation 
means (Falconer 1981). Realized heritability (_+ SE) 
estimated for the blend produced by females in the high 
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line was 0.496 + 0.041 (t = 12.012, df =11; P < 0.01) 
(Fig. 6.2). This estimate of heritibility is greater than 
the estimate based on measurements made directly on the 
laboratory population (Chapter 5). Realized heritability 
estimates may be confounded by factors such as inbreeding 
depression or random genetic drift, and may, therefore, 
reflect less accurately the heritability in the base 
population. 
Mode of inheritance. The number of genes that 
contribute to variance in characters associated with 
pheromone production affects the likelihood and rate of 
potential evolution of resistance to synthetic pheromone 
used for mating disruption. Many characters that exert a 
strong influence on fitness are polygenic and continuously 
distributed (Falconer 1981). A few studies have 
demonstrated simple Mendelian inheritance for behavioral 
characters. For example, major genes determine blend 
differences between two pheromone strains of the European 
corn borer, Ostrinia nubilalis (Hubner) (Klun and Maini 
1979), as well as pheromone perception and response in 
males of this species (Roelofs et al. 1987). However, 
major gene effects have not been reported in other studies 
that have examined genetical1y-based intrapopulation 
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variation in pheromone systems (Du et al. 1984, Boake 
1985). Polymorphism at a locus with a major effect on 
pheromone blend is unlikely because a narrow-variance 
signal is required for efficient communication. 
Pheromone blend in the pink bollworm appears to be 
controlled polygenetically. This conclusion is based on 
the pattern of phenotypic change observed for the high 
line (Fig. 6.1). If only one or a few loci were involved, 
then selection should result in the rapid fixation of the 
favored allele(s). If selection were not sufficient to 
fix this allele(s), then an erratic pattern would be 
expected due to genetic drift, since only a small number 
of families were used to start each generation. A more 
symmetrical response to selection for high and low blend 
would also be expected if pheromone blend was under 
monofactorial control since neither alternative allele 
could have been near fixation in the initial population 
(as evidenced by successful selection in the high line). 
However, multifactora 1 regulation of pheromone blend 
cannot be conclusively demonstrated because of the 
overlapping distributions among females from the high 
line, the unselected laboratory colony, and reciprocal 
crosses between these two populations (discussed below). 
The number of effective factors (individual or 
tightly-linked loci) influencing the pheromone blend 
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cannot be reliably estimated from the selection response 
because of the evident asymmetry between the high and low 
lines and the failure of the high line to reach a 
selection limit. 
Individual samples. Individual pheromone gland 
samples were collected in the high line from females in 17 
families in the 12th and last selected generation in the 
high line. The mean (_+ SD) blend found in these samples 
was 47.89 + 1.22% ZE isomer, compared to a mean of 
48.26 +_ 1.49% ZE based on pooled samples (not 
significantly different, t = 1.08; P > 0.05). The average 
absolute difference between the two mean blend estimates 
for each family was 1.18 + 0.80%. Although this error is 
larger than predicted (see Materials and Methods), the two 
estimates were significantly different for only one family 
(t-test, P < 0.05) . 
A similar concordance was found between blend 
estimates derived from pooled and individual samples for 
females from the unselected laboratory colony. The mean 
estimated from pooled samples was 43.07 + 1.47% ZE (n = 10 
pooled samples of 5 females each), while the mean 
estimated from 30 individual samples was 43.45 + 2.67% ZE 
(not significantly different, t = 0.42; P > 0.05). These 
data, along with the observed 
response to selection, 
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confirm the validity of pooled samples for measuring 
pheromone blends. 
Amount of pheromone. Families in the high line 
were selected entirely on the basis of the ratio of uhe ZE 
and ZZ pheromone components. The total amount of 
pheromone was measured but not considered in the selection 
process. However, the amount of pheromone produced by 
females in this line decreased steadily from a mean of 
27.38 + 6.17 ng per female in the initial unselected 
generation to 13.89 + 4.39 ng in the 12th generation (Fig. 
6.3). The reduction in pheromone titer could be due to 
smaller, less vigorous females in the selected line, 
perhaps the result of inbreeding depression. Although 
females were not weighed, there was no obvious decrease in 
size in the selected line. No relationship between size 
and pheromone titer was found in a line selected for 
increased pheromone production (Chapter 7). 
The simple correlation between mean pheromone 
amount and blend ranged from -0.445 (t = 2.10, n = 20; 
P < 0.05) in the 7th generation to 0.336 (t = 1.50, 
n = 20; P > 0.05) in the 11th generation. No consistent 
temporal pattern was evident. The correlation between 
these characters for all generations combined was -0.402 
(t — 7.20, n = 273, P <C 0.01). However, if the change in 
blend and amount are causally unrelated, the correlation 
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Figure 6.3 
SD) amount of pheromone produced in a line 
for a high proportion of the (Z.,E.)- isomer. 
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coefficient may be artifactual. Families in later 
generations will have extreme values for both characters, 
but the underlying causal factors may be independent. 
The observed change in the amount produced could be 
a manifestation of a genetic correlation between pheromone 
blend and the amount produced. Genetic correlation is a 
measure of the extent to which two characters are 
influenced pleiotropically by the same or closely linked 
genes, and is based on the additive component of total 
phenotypic variance. A slight but significant genetic 
correlation (r = 0.236) between the total amount of 
pheromone and the percent of the ZE isomer was documented 
m Chapter 5 based on individual gland samples taken from 
females in our laboratory colony. The estimated genetic 
correlation (+ SE) between pheromone amount and blend in 
the high line of the present study is -0.77 + 0.02 and is 
highly significant (t = 19.074, n = 251; P < 0.01). This 
suggests that the characters are at least partly 
controlled by the same genetic factors. 
The present study indicates an inverse relationship 
between the amount produced and the percent of the ZE 
isomer, as opposed to the direct relationship suggested by 
the earlier study. The basis for this discrepancy is not 
known, but genetic correlations are very sensitive to gene 
frequencies, and estimates made for different populations 
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are often divergent (Falconer 1981). Based on air-borne 
collections of pheromone from field-captured females, 
Haynes et al. (1984) concluded that blend and release rate 
were independent. However, genetic correlations reflect 
the net effect of all genes influencing the characters, 
and may underestimate the overall degree of pleiotropy if 
there are several genes with opposing effects (Falconer 
1981) . 
Since the pheromone blend is calculated directly 
from the amount of each component, selection for altered 
blends may or may not influence the total amount produced, 
depending on where the genes involved exert their 
influence in the biosynthetic pathways. If the selected 
genes control enzymes that regulate the rate of pheromone 
component production after separate precursors have been 
synthesized, then a significant genetic correlation would 
be expected. However, if the genes affect enzymes that 
determine the relative rate of production of the two 
isomers from a common precursor, or an enzyme controlling 
the conversion of one isomer to another, then a genetic 
correlation would not be expected. 
The mean increment in pheromone blend (% ZE isomer) 
was only 0.44% per generation, while the total amount of 
pheromone (ZE plus ZZ isomers) decreased an average of 
4.66% per generation. The large difference between the 
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rate of change in blend compared to total amount produced 
suggests that correlated response, although statistically 
significant, is not sufficient to explain the magnitude of 
the reduction in the amount of pheromone produced. 
Inbreeding depression may account for part of 
observed decline in the amount of pheromone produced. The 
largest decrement (23.14%) occurred after only one 
generation of selection for pheromone ratio. A comparable 
decrease (26%) was observed in Chapter 5 after one 
generation and was attributed to inbreeding depression. 
However, because sibling matings were not allowed in the 
present study, no increase in the level of inbreeding will 
have occurred in the first selected generation above the 
initial (unknown) level in the laboratory colony. The 
estimated inbreeding coefficient in the high line 
increased from 0.06 in the 2nd generation to 0.45 in the 
12th generation. These estimates are based on an 
effective population size in each generation that is 
determined by the number of families selected in the 
preceding generation. Inbreeding may have contributed to 
the reduction in pheromone amount in later generations, 
but it does not explain the reduction that took place in 
the first generation of selection in the high line. 
The acumulated effects of inbreeding are more 
consistent with the pattern of pheromone 
production 
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observed in the low line. The mean (_+ SD) amount of 
pheromone produced per female increased from 27.38 _+ 6.17 
ng in the initial unselected generation to 27.81 8.44 ng 
in the low line after one generation of selection for a 
reduced percentage of the ZE isomer. The amount fell to 
19.48 + 5.17 ng in the 4th generation, but then increased 
to 22.68 + 4.36 ng in the 5th (and last) selected 
generation in the low line. 
The decrease in pheromone production may also be 
related to the enforced random mating system used in the 
selected line. Mating may be nonrandom in the unselected 
laboratory colony; females that produce a large amount of 
pheromone may emit a signal that males are more likely to 
perceive above the high background concentration of 
pheromone. In the selected lines, random mating was 
enforced, and such an advantage would disappear. However, 
the relationship between the amount of pheromone produced 
and the probability of mating in the laboratory colony was 
not examined. 
Reciprocal crosses. The mean (_+ SD) pheromone 
blend produced by females in the 10 intermediate families 
in the 10th generation of the high line was 47.03 + 0.61% 
ZE isomer. The mean blend produced by offspring derived 
from matings within these 10 intermediate families 
47.28 + 1.64% ZE isomer (n = 15) (not significantly 
was 
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different, ANOVA, F < 1; P > 0.05). Therefore, no 
appreciable drift in pheromone blend resulted from using 
families from the middle of the distribution. The mean 
amount of pheromone produced by females in the 10 
intermediate families was 17.23 _+ 3.77 ng. The mean for 
their offspring was 12.40 _+ 4.98 ng (significantly 
different, t = 2.60, df = 23; P < 0.05). The reason for 
this decrease is not known, but it parallels the decline 
observed for the entire selected line at the start of the 
selection process. 
The mean pheromone blend produced by female 
offspring from crosses between the high line and the 
unselected laboratory colony was 44.20 + 1.74% ZE 
(n = 40). This is intermediate to blends produced by 
females m the parental populations (significantly 
different, ANOVA, F = 30.25, df = 2,73, P < 0.01) (Table 
6.1). There was considerable overlap in the distributions 
of family means for the offspring of moths from the high 
line, the laboratory colony, and from reciprocal crosses 
between the two (Fig. 6.4). The observed variation makes 
assessment of the number of loci and dominance 
relationships difficult, especially as the high line had 
not reached a selection limit by the 10th 
the crosses were initiated. 
generation when 
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Table 6.1. Pheromone blends (% ZE isomer) and amount per 
female in crosses between an unselected laboratory co ony 
(LC) and a line selected for a high percent of the Z 
isome r (HL). 
M X F Percent ZEab Amount ( 
x ac 
ng ) No . of 
f ami1ie s 
\ 
HL X HL 47.26 + 1.64 a 12.40 + 4.98 a 15 
HL X LC 
ON
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•
 
+ 1.60 b 18.49 + 5.18 ab 20 
LC X HL 44.32 + 1.91 b 21.44 + 5.76 b 20 
LC X LC 42.80 + 1.73 c 25.21 + 6.00 c 21 
a Means within columns that are not followed by a common 
multiple range test. 
b P = 0.05 
c P = 0.01 
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Figure 6.4 
Frequency distribution of pheromone blend for females from 
a laboratory colony (C), a line selected for high ZE:ZZ 
ratios (S), and reciprocal crosses between these two. 
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The mean (± SD) blend observed in families produced 
by crossing high line females with males from the 
laboratory colony was 44.32 _+ 1.91% ZE (n = 20). The mean 
blend for the reciprocal cross was 44.09 _+ 1.60% ZE (not 
signifcantly different, Student-Newman-Keuls ’ test, 
P > 0.05; Table 6.1). The close correspondence between 
these two values suggests that neither maternal effects 
nor sex-linked loci exert a major influence on the blend 
produced. If the genes that control blend were sex 
linked, then offspring from crosses involving high-line 
females would be expected to produce a lower blend than 
offspring from the reciprocal cross since females are the 
heterogametic sex. If maternal effects were important, 
then differences between the reciprocal crosses in either 
direction could be expected. 
Although no selection pressure was applied to the 
amount of pheromone produced by females, selection for 
pheromone blends containing a high proportion of the ZE 
isomer resulted in a reduction in the total amount 
produced. The mean amount produced by females from 
crosses between the laboratory colony and the high line 
was 19.97 +_ 5.61 ng (n = 40), and was significantly 
different than the amounts produced either by the high 
line or by the unselected laboratory colony (Table 6.1). 
Female offspring from crosses involving female parents 
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from the laboratory colony produced 15.93% more pheromone 
than offspring from the reciprocal cross. Although these 
differences were not significant (Student-Newman-Kuels' 
test, P > 0.05; see Table 6.1), they suggest a small 
maternal influence on the amount produced. 
If inbreeding depression were the major cause of 
the low pheromone titer among females from the selected 
line, then crosses between this line and the laboratory 
colony would be expected to produce an amount of pheromone 
equal to or exceeding that produced in either parental 
population because of increased heterozygosity. However, 
the pheromone titer in females from such crosses was 
intermediate to the parental populations. This suggests 
that inbreeding cannot account entirely for the reduced 
pheromone production in the selected line. 
An alternative explanation for the reduced 
production would be that the blend and amount of pheromone 
produced are influenced pleiotropically by the same or 
closely linked genes (i.e., the characters are genetically 
correlated). This possibility is supported by the 
significant negative genetic correlation between the 
percentage of the ZE isomer and total amount of pheromone 
produced as reported above. 
Relaxed selection. The mean pheromone blend 
produced by females in the high line decreased from 
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48.23 + 1.25% ZE in the final (12th) selected generation 
to 45.45 + 0.99% ZE (n = 20 pooled samples of 5 females 
each) after 6 generations of relaxed selection. However, 
the mean blend in the high line was still significantly 
higher than the 42.98 _+ 0.87% ZE blend produced by females 
in our laboratory population (U = 1.96, n = 10 pooled 
samples; P < 0.01). Thus, the blend had drifted (or been 
selected by unknown forces) in the direction of the 
unselected population mean, but still remained higher 
after 6 generations, presumably due to fixation of alleles 
influencing the pheromone blend. Pheromone gland titer 
increased from 13.89 + 4.39 ng per female at the end of 12 
generations of selection to 18.55 5.98 ng 6 generations 
after selection was discontinued. The mean titer after 
selection was relaxed was not significantly different than 
the titer for females from the laboratory colony 
(21.83 + 7.63 ng; U = 122, P > 0.05). Thus, random drift 
or unidentified selective pressures returned the level of 
pheromone production to near its original level. 
Male response. A shift in male response parallel 
to the shift in the pheromone blend produced by females 
was observed in the high line, even though there was no 
selection for male response. Based on still-air 
wing-fanning bioassays, the relative response to the high 
blend (response to the 65% ZE blend as a percentage of the 
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combined responses to all blends) by males in the high 
line increased during the course of selection from 11.90% 
in the initial unselected generation to 28.49% in the 12th 
generation (Fig. 6.5). Relative response to the 25% ZE 
blend decreased from 30.23 to 19.31% over the same time 
interval, while response to the 44% blend remained 
relatively constant. 
For males in the 1st (unselected) generation, and 
for males from the unselected laboratory colony in the 
12th generation, the duration of wing fanning for each of 
the 3 blends tested (25, 44, and 65% ZE) was significantly 
different from the responses for each of the other two 
blends (STP; P < 0.01) (Fig. 6.5). In the 5th (and final) 
generation of the low line, the duration of wing fanning 
for the 25% ZE blend was significantly greater than for 
the 65% ZE blend. In contrast, the duration of wing 
fanning for the 25% ZE and 65% ZE blends were not 
different in the high line (selected for the production of 
pheromone with a high percentage of the ZE isomer) in both 
the 5th and 12th generations. 
The mean ( + SD) absolute duration of wing fanning 
to the 65% ZE blend by males in the high line increased 
from 6.25 + 13.34 sec (n = 68) in the initial generation 
to 16.82 _+ 19.97 sec (n = 112) in the 12th generation. 
Response to the 65% ZE blend in the 12th generation of the 
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Figure 6.5 
Mean relative duration of wing-fanning by males in a line 
selected for females producing high ZE:ZZ ratios. The 
significance of differences in absolute wing-fanning 
duration are indicated; within each generation, 
distributions with common letters are not significantly 
different (STP multiple comparisons; P < 0.01). 
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high line was significantly greater than the response 
observed for this blend in the initial unselected 
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generation, and greater than found in a sample of 
unselected males chosen randomly from the laboratory 
colony in the 12th generation (Mann-Whitney U test; 
ts = 2.73 and 3.74, respectively; P < 0.01). Thus, male 
response to blends with a high percentage of the ZE isomer 
tracked the selected changes in the blend of pheromone 
produced by females. 
Males in the low line were bioassayed in the 5th 
generation and the duration of wing fanning was compared 
to the values observed in the high line. Mean wing 
fanning (+ SD) in the low line to blends with 25 and 44% 
ZE isomer were 13.38 + 16.99 (n = 63) and 20.63 + 21.20 
(n = 60) sec, respectively, and were not significantly 
different from the corresponding values observed in the 
high line (Mann-Whitney U test; t = 0.80 and 0.94 
respectively; P > 0.05). However, the mean response to 
the 65% ZE blend was only 1.73 + 7.58 (n = 78) sec in the 
low line compared to 7.15 ± 11.81 (n = 63) sec in the high 
line (significantly different, Mann-Whitney U test; 
ts = 2.98; P < 0.01). 
Wing-fanning durations for the 25 and 44% ZE blends 
were also not significantly different between males in the 
selected line and control males in the 12 generation 
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(Mann-Whitney U test; t = 1.29 and 0.61, respectively; 
s 
P > 0.05). In contrast, the difference between responses 
to the 65% ZE blend were highly significant (tg = 3.74; 
P < 0.05). It is of interest to note that in both the 
high and low selected lines the change in male response 
involved a change in the level of response to the 65% ZE 
blend. 
Heritable variance in the duration of wing fanning 
is asymmetric (Chapter 3). Estimated heritability of wing 
fanning to a 25% ZE blend is greater than the heritability 
for a 65% ZE blend (which is not significantly different 
than zero). Nonetheless, male response to the 65% blend 
appears to have changed as an indirect result of selection 
for the analogous female character (the blend produced). 
Selection for increased duration of wing fanning to a 65% 
ZE blend has also been successful (Chapter 4), 
substantiating low but significant heritability for the 
65% ZE blend . 
Although selection for the production of high 
blends by females appeared to have an impact on the mean 
value of male response to the 65% ZE blend in the high 
line as a whole, within-generation correlations between 
family means for overall responsiveness by males and 
amount of pheromone produced by females were not 
significant within any generation (t test; P > 0.05). 
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Within-generation correlations between family means for 
male response specificity and blend ratio of females were 
also not significant in any generation (t test; P > 0.05), 
nor were correlations between the mean response to the 65% 
blend and the ratio produced by females. 
Discussion 
Evolution of pheromone-based long-distance 
communication systems will depend on the genetically—based 
variation in pheromone blend or amount that is available 
to selective forces. Moth sex pheromones are frequently 
precise blends of two or more components (Roelofs 1979, 
Carde and Baker 1984). Limited intrapopulation variation 
in pheromone comonent ratios has been found in A. 
velutinana; mean (+ SD) blends of the two major pheromone 
components [ (Z) - and (_E) - 11-1 e t r adeceny 1 acetate] for 
laboratory and field populations contained 7.0 + 1.4 and 
9.1 + 1.8% (E)-iosmer, respectively (Miller and Roelofs 
1980). Novel pheromone strains of A. velutinana were 
selected by removing a portion of the pheromone gland for 
analysis without destroying the female's ability to mate 
and reproduce (Du et al. 1984). Females producing high 
and low ratios that were mated with randomly chosen males 
yielded F: females with means of 9.7% and 7.8% (E)-, 
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respectively, compared to a mean of 8.5% (_E) in the 
parental generation. Changes in blend brought about by 
selection were maintained only if selected females were 
mated with their brothers. These studies demonstrate 
significant contributions by additive effects of genes to 
the observed phenotypic variance. 
Although variation in the pheromone blend produced 
by the pink bollworm is limited (Haynes et al. 1984, 
Chapter 5), a significant portion of this variation is 
heritable (Chapter 5). In the present study, pheromone 
blends with a higher percentage of the ZE isomer were 
selected in a laboratory population of the pink bollworm. 
A selection limit was not reached in this line, indicating 
that additive genetic variance was not exhausted after 12 
generations of selection. The persistence of additive 
genetic variance under continued selection can be 
attributed to mutation (Lande 1976), linkage 
disequilibrium (Taylor and Williams 1982), and different 
selection pressures in variable environments (Cade 1984). 
In our selection experiments, significant variation due to 
mutation seems unlikely given the limited size of the 
populations and the relatively few generations examined. 
All families were maintained under identical conditions, 
so that environmental variation also seems an unlikely 
source of continued variability. 
173 
Evolution of resistance. Synthetic pheromone was 
first registered for use as a mating disruptant in the 
pink bollworm in 1978 (Doane and Brooks 1981), and is now 
used extensively in Arizona and California (Haynes et al. 
1984). The potential for the development of resistance to 
the use of synthetic pheromone for communication 
disruption will depend on the mechansims by which 
disruption is accomplished. These may include habituation 
or sensory adaptation, orientation of males to synthetic 
pheromone sources rather than to females (competition), or 
camouflaging of the female-emitted signal by synthetic 
pheromone (Carde 1981). Resistance could result from a 
shift in the blend or amount of pheromone produced, 
increased reliance on a "minor" blend component not used 
in the disruptant blend, or increased use of 
non-pheromonal cues (Carde 1976, 1981). If females 
emitted a blend that was sufficiently different, males 
could distinguish it from synthetic pheromone sources, 
thereby diminishing the competitive effects of the 
synthetic pheromone. Although the response to selection 
for altered blend was statistically significant in this 
study, the absolute change in the mean blend in the high 
line was only 5.29%. This change is small compared to the 
relatively broad response spectrum of males (Linn and 
Roelofs 1985, Chapter 2). Thus, genetic variation 
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available to selection appears inadequate to bring about a 
major shift in the pheromone blend. 
The impact of a change in pheromone blend on field 
populations depends on the effect that it has on male 
response. In contrast to the narrow—variance signal 
produced by females, male pink bollworms are attracted to 
a relatively broad range of pheromone blends (Flint et al . 
1979, Haynes et al. 1984). The duration of wing-fanning 
to 38, 44, and 50% ZE blends are not significantly 
different over a wide range of concentrations, and 
equivalent responses can be obtained for more extreme 
blends by using higher concentrations (Chapter 2). The 
evolutionary impact of changes in the blend produced by 
females cannot be determined without further examination 
of the effects of small blend shifts on male response in 
the field. 
The response to selection was asymmetrical. Mean 
blend in the high line was increased through selection, 
but no change was observed in the low line. This suggests 
that heritable variation is greater in the direction of 
higher blends. Heritability of male response to different 
blends is also asymmetric (Chapter 3). For males, 
however, heritable variation was greater for blends lower 
in the ZE component. Since fitness depends on 
coordination of signal and response characters, the 
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opposing asymmetries in production and response may act in 
concert to resist changes in the communication channel, 
thus reinforcing the effect of stabilizing selection. 
Since the pink bollworm is highly dispersive (Stern 1979) 
and the response to selection is relatively weak, a low 
level of immigration could be sufficient to counteract 
selection pressure for a blend shift. 
The effectiveness of mating disruption may depend 
on how closely the formulated disruptant matches the 
naturally emitted pheromone. The mean blend of pheromone 
produced by female pink bollworms contains 44% of the ZE 
isomer (Chapter 5), whereas field populations are managed 
by application of a 1:1 mixture of the ZE and ZZ isomers 
(Doane and Brooks 1981). Because of the apparent 
asymmetry in the response to selection for females with 
high and low pheromone blends, and the opposing asymmetry 
in the heritability of variance in male response to these 
blends, the pheromone communcation system of this moth may 
be relatively immutable. If this is so, then the blend 
that is used for mating disruption may not be critical to 
preventing the evolution of resistance. However, use of 
the natural blend might elevate the level of mating 
disruption, and allow the dose of disruptant to be 
decreased. 
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Pheromone compositional imbalance through the use 
of either pheromone isomer alone may effectively disrupt 
mating (Flint and Merkle 1983a, 1983b). Use of the ZZ 
isomer induces a shift in male pheromone preference to 
unnatural blends that may be attributed to selective 
adaptation of the ZZ receptor site (Flint and Merkle 
1984). Although this may be effective in the short run, 
the use of blends with higher or lower proportions of the 
ZE isomer than the natural blend could result in shifts in 
the opposite direction (directional selection), or in 
reduced variability in the blend produced and a narrowing 
of the male response spectrum (stabilizing selection). 
Resistence may be less likely if the normal 44% ZE blend 
is used because stabilizing selection could not occur, and 
a larger shift in the blend produced by females would be 
required to render a change distinguishable by males. 
Evolutionary potential may be underestimated by 
laboratory studies because genetically—based variation 
observed in this study could represent only a small 
fraction of the variation available in field populations. 
The limited size of the laboratory population virtually 
precludes selection for a rare mutant gene with major 
effects. Thus, artificial selection in the laboratory may 
result in small changes due to selection for modifier 
genes, while large changes in field populations may be due 
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to major gene effects. For example, while polygenic 
control of resistance to chemical pesticides is common in 
laboratory populations and may occur in nature, nearly all 
major resistance mechanisims in the field are controlled 
by one or two loci (Roush and Croft 1986). In the field, 
modest phenotypic variation in blend attributable to 
modifier genes may be transparent to selective forces 
because of greatly increased environmental variability. 
The genetic backgrounds of laboratory and field 
populations may also differ to the extent that the 
populations are subjected to different selective forces. 
Laboratory and wild populations may be genetically quite 
different (e.g. Loukas et al. 1985). However, the degree 
of divergence between laboratory and natural populations 
may vary among characters and species. For example, 
phenotypic variances in pheromone blend were nearly 
identical in laboratory and field populations of A. 
— lutinana (Miller and Roelofs 1980), and the pink 
bollworm (Haynes et al. 1984). Similarly, a study of 31 
isozyme loci uncovered little genetic divergence between 
wild and long-term laboratory strains of the pink bollworm 
(Bartlett 1981). 
Female emission of very small quantities of 
Pheromone may select males that have low response 
thresholds (Greenfield 1981). On the other hand. 
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resistance to the use of synthetic pheromone for mating 
disruption could evolve through increased emission rates 
(Carde 1981, Haynes et al. 1984). Periperal adaptation, 
CNS habituation, or an increase in male response threshold 
could reduce responses to inappropriate stimuli, and 
thereby counteract the camouflaging effects of the 
synthetic pheromone. Genetically-based variation is 
available for both pheromone emission and response 
characters (Chapters 5 and 3). Artificial selection 
resulted in a rapid increase in the amount of pheromone 
produced (Chapter 7), and selection based on male response 
increased the mean duration of wing fanning to a constant 
pheromone stimulus (Chapter 4). Thus, a change in the 
pheromone communication system resulting from selection of 
males and females that successfully mate in fields treated 
with synthetic pheromone may be more likely through a 
change in the amount produced than a change in blend 
ratio. 
Efficient pheromone-mediated communication depends 
on the coordination of signalling and receiving 
individuals. Thus, evolutionary change will depend on 
selective forces that impinge on both pheromone production 
and response behaviors (Alexander 1962, Kyriacou and Hall 
1986). Genetic coupling has been demonstated for both 
acoustic and pheromone-mediated systems. Female hybrids 
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between two closely related cricket species, Telogry11us 
commodus (Walker) and oceanicus (Le Guillou), prefer 
the calling songs of their hybrid brothers to the songs of 
males from the reciprocal cross (Hoy et al. 1977). 
Similar preferences by hybrid females for calling songs 
with characteristics intermediate to either parental 
species have been shown in crosses between two species of 
tree frogs, Hyla chrysoscelis Cope and H. femoralis 
Latreille (Doherety and Gerhardt 1983), and between two 
Drosophila species (_D. melanomas ter (Meigen) and D. 
—-mulans Sturtevant (Kyriacou and Hall 1986). Analogous 
coupling has been suggested for a pheromone system based 
on crosses between two strains of 0. nubilalis (Klun and 
Maini 1979; but see Roelofs et al . 1987). Coupling has 
also been suggested for a bark beetle, Ijxs j^ini Say, based 
on interpopulational crosses (Lanier et al. 1980), and for 
A. velutlnana based on artificial selection experiments 
(Du et al. 1984). Genetic coupling was indicated 
indirectly by a change in the effectiveness of pheromone 
produced by females within a line selected for reduced 
pheromone response by males of the dermestid beetle, 
Irogoderma granariun. Everts (Rahalkar et al. 1985). 
Genetic coupling is not without exception. For 
example, no evidence of genetic or functional coupling was 
found for song pattern and response in the grasshoppers 
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Chorthippus biguttulus L. and C.. mollis Charpentier 
(Helverson and Helverson 1975a, 1975b). Similarly, 
coupling was not found in courtship behaviors in the wolf 
spiders Schizocosa oreata (Hentz) and Schilzocosa rovneri 
Uetz and Dondale (Stratton and Uetz 1986). 
Pleiotropy or linkage in genetic factors affecting 
pheromone production and response characters was 
manifested in the pink bollworm. Male response appeared 
to "track" analogous female production characters that 
were subjected to artificial selection. Thus, selection 
for altered blends in females may also result in a 
corresponding change in male response thresholds. For 
example, selection for blends with a higher percentage of 
the ZE isomer may lower male response thresholds to these 
blends. The genetic coupling suggested by these data 
could reinforce assortative mating based on pheromone 
phenotype, and could greatly enhance the rate at which new 
pheromone strains develop in the field in response to 
selection pressure from the use of synthetic pheromone for 
mating disruption. 
Although selection for blends with a greater 
proportion of the ZE isomer was successful, selection in 
the opposite direction was not. Attraction to different 
blends of (.Z,_E)- and (Z, Z)-l , 11-hexadecad i eny 1 acetate has 
been examined for three closely related Pectinophora 
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species that co-occur in Australia (Rothschild 1975). 
Based on pheromone trapping, _P. gossypiella, _P. endema 
Common and _P. scu tigera (Holdaway) were maximally 
responsive to blends containing 50, 33, and 10% ZE isomer, 
respectively. Under such circumstances, production of a 
blend with a lower percentage of the ZE isomer by P. 
gossypiella could produce (or increase) overlap in the 
communciation systems of the three species. Heritable 
variation is available to reduce the overlap, however, by 
increasing the proportion of the ZE isomer produced. 
Genetic coupling between production and response would 
facilitate the maintenance of exclusive communication 
channels since male response would be expected to track 
changes in the pheromone ratio produced by females. 
The implications of the genetic architecture of 
pheromone-mediated communication in the pink bollworm for 
the development of resistance to synthetic pheromone are 
unclear, and potentially contradictory. Selection for 
altered pheromone blends was successful, but the change 
was small relative to the specificity of male response 
(Linn and Roelofs 1985, Chapter 2). However, genetic and 
behavioral coupling between pheromone signal and 
production was demonstrated, and should facilitate change 
in the communication channel. The degree of genetic 
variation upon which directional selection can act, the 
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nature and extent of the selection pressures, and the 
strength of stabilizing mechanisms that oppose directional 
change in the blend, will determine the likelihood of the 
development of new pheromone strains in the field. 
Chapter VII 
SELECTION FOR INCREASED PHEROMONE PRODUCTION 
The genetic basis of the pheromone-mediated 
long-distance communication system of the pink bollworm, 
Pectinophora gossypiella (Saunders), is of particular 
interest because of the economic importance of this major 
cotton pest, and the commercial use of synthetically 
produced pheromone for mating disruption (Doane and Brooks 
1981, Henneberry et al. 1982, Hall et al. 1982). The sex 
pheromone of the pink bollworm is a two-component blend of 
(Z,D- and (Z , Z)-7 , 1 l-hexadecadienyl acetate (ZE and ZZ , 
respectively) (Hummel et al. 1973, Bierl et al . 1974). 
The mean blend ( + SD) of pheromone components found in a 
laboratory colony was 44.2 + 2.3% ZE based on pheromone 
gland extracts (Chapter 5). Disruption is achieved by 
releasing the synthetic pheromone from open-ended hollow 
fiber, plastic laminate dispensers, or other 
microdispersible formulations applied aerially. 
Resistance could develop through a shift in the pheromone 
blend, increased reliance on "minor" blend components not 
used in the disruptant blend, elevation of the emission 
rate, or increased dependence on nonpheromonal cues 
(including vision) for mate location (Cardg 1981). 
Knowledge of the genetic basis of pheromone communication 
will facilitate the development of pheromone-use 
strategies that retard the evolution of resistance or 
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modify the disruptant system to restore efficacy (Croft 
and Hoyt 1978, Haynes et al. 1984, Carde 1976, 1981). 
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The potential for the evolution of new pheromone 
strains that are resistant to disruption of long distance 
communication will depend on the nature and extent of 
available heritable variation in aspects of both signal 
production and response behavior (Carde 1976, 1981, Haynes 
et al. 1984). Genetically-based variation is available 
for both emission and response characters (Chapters 5 and 
3). A strain in which females produce a significantly 
higher percentage of the ZE isomer and a strain with 
increased male responsiveness have been created through 
artificial selection (Chapters 6 and 4). 
In the present study we selected for a strain of 
the pink bollworm with increased pheromone titer. The 
nature and magnitude of the response to such selection 
will provide insight into the genetic basis of the 
pheromone-based sexual communication system, and will help 
to assess the likelihood and potential rate at which 
resistance could develop in control programs using 
synthetic pheromone. 
Reduced pheromone titer was found in lines selected 
for blends with high and low percentages of the ZE isomer 
I 
(Chapter 6), and was attributed to inbreeding depression 
and to genetic correlations between the 
amount and ratio 
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of pheromone components. Females were not selected for 
reduced pheromone titer in the present study because 
responses to selection would be indistinguishable from the 
effects of these confounding factors. 
Both signal production and response must change in 
concert to functionally alter the chemical communication 
channel. The degree to which signal and response 
behaviors are influenced by the same or closely linked 
genes may strongly influence the rate of change in these 
systems (Alexander 1962, Kyriacou and Hall 1986). In the 
pink bollworm, there is evidence for such genetic coupling 
between the blend produced by females and the specificity 
of male response (Chapter 6). Similar genetic coupling 
between the amount produced and the overall responsiveness 
of males may also play an important role in the evolution 
of resistance to synthetic pheromone. Although selection 
in this study is based only on the amount of pheromone 
produced by females, male response was also monitored. 
The extent to which (unselected) male response "tracks" 
the amount of pheromone produced by females in the 
selected line will provide an indication of the degree of 
linkage or pleiotropic effects of genes that influence 
both pheromone signal production and response behavior. 
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Materials and Methods 
Rearing Procedures. Moths used to initiate the 
selected line and those used as controls were obtained 
from a laboratory colony (Chapter 5). Families used in 
selection experiments were started by placing individual 
male-female pairs in 7.5-by-7.5-by-2.8-cm clear plastic 
oviposition cages. Sucrose solution (7.5%) was available 
to the adults in 1.9-ml vials with cotton wicks on the 
bottom of each cage. Paper oviposition substrates were 
changed daily. To segregate the progeny of each 
male-female pair, oviposition substrates were sealed in 
15_by-l5-by-2-cm plastic bags until the larvae hatched. 
Newly hatched larvae were transferred to 21-ml 
clear plastic cups covered with plastic lids. Each cup 
contained ca. 5 g of wheat germ/soybean flour diet 
(Chapter 5). Three larvae were placed in each cup, 
providing an average yield of about one pupa per cup. 
Pupae were removed after 17 days, sexed, and placed singly 
in 85-by-15-ml glass test tubes closed with cork stoppers 
(males) or plugs of cotton (females). Females were fed on 
the day of adult emergence with ca. 0.5 ml of 7.5% sucrose 
solution applied to the cotton used to close the test 
tube. All life stages were kept at 27 + 1°C and LD 16:8 
photoperiod. 
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Gland Samples. Pheromone production was measured 
by GLC analysis of solvent extracts of pheromone glands 
excised from 2-day-old virgin females. Samples were 
collected during what was normally the 1st hour of the 
scotophase when pheromone titer is highest (Collins, 
unpublished data). Females were kept in the light to 
prevent them from emitting pheromone prior to sampling. 
Females were immobilized by placing them in a freezer at 
-15 C for ca. 10 min. The abdominal tip was then forcibly 
extruded, severed, and immersed for 1 hr in 100 ul of 
n-hexane with 20 ng of (Z)-9-tetradecenyl actetate added 
as in internal standard. 
The mean amount and blend of pheromone components 
for each family was estimated by a pooled sample that 
consisted of the pheromone glands of 5 full-sibling 
females extracted in the same 100 ul of solvent. This 
sampling procedure has no effect on estimates of the mean 
amount produced. However, the contribution of each 
individual female to the estimated mean blend for the 
family was weighted by the amount of pheromone produced. 
The validity of this procedure was detailed in Chapter 6. 
Samples were stored at -15°C in 400 ul test tubes 
placed inside 3.7-ml screw-cap vials with TeflonR cap 
liners. To prevent evaporation of solvent from the open 
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test tubes, 100 to 200 ul of n-hexane were added to each 
vial. 
GLC analysis. Pooled gland extracts were 
evaporated to 1.4-1.6 ul under a stream of nitrogen before 
injection. Samples were analyzed on a 2—mm—by—3—m glass 
column packed with 10% Silar 10 CP on Chromosorb W, DMCS 
AWW (100/120 mesh) at 180°C. The product of peak height 
and retention time was used as an index of peak area for 
the pheromone components and the internal standard. 
Amounts and ratios were estimated by comparing values with 
the internal stardard. 
Selection regime. Individual selection based on 
pheromone titer was not possible because the excision of 
the pheromone gland renders the female incapable of 
reproduction. Further, examination of pheromone glands 
after the female has completed oviposition is not feasible 
because post-mating pheromone content in gland extracts is 
insufficient for accurate blend measurement. Therefore, 
we used sib selection, a form of family selection in which 
the females used to produce the next generation in each 
line are full siblings of the females that were measured. 
Twenty families were started from male-female pairs 
chosen randomly from the laboratory colony. Selection was 
made based on the amount of pheromone (ZE plus ZZ isomers) 
produced by female progeny in each of these families as 
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measured by GCL analysis of a pooled sample of 5 full-sib 
females. The first selected generation was initiated from 
moths in the 4 families that produced the largest amount 
of pheromone. Males and unsampled females from these 4 
families were paired. To minimize inbreeding, siblings 
were not paired. 
In most subsequent generations, 20 families were 
examined in the selected line and the 5 families that 
produced the highest amount of pheromone were selected to 
begin the next generation. In the 3rd generation, 25 
families were examined and the 6 highest families were 
selected. Males and females from the 5 families in the 
5th generation that produced the most pheromone were mass 
reared to produce a final 6th generation. Pooled samples 
of randomly-chosen females from the selected line were 
examined in the 6th generation. 
Females chosen randomly from the unselected 
laboratory colony were used as controls in each 
generation. Pooled samples of 5 females each were 
collected as above. A Mann-Whitney U test (Sokal and 
Rohlf 1981) was used for intereenpraM nnoi 
iiuergenerational comparisons and 
comparisons between selected and control samples. 
Pupae were weighed 2-3 days before adult emergence 
in both the selected line and in the unselected laboratory 
colony to determine the relationship between pheromone 
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production and overall body size. A t-test was used to 
compare the observed means. 
Male response. The response of males was examined 
with a wing-fanning bioassay (detailed in Chapter 2). On 
the day after emergence, males were transferred to 
individual 10-cm-long-by-2.5-cm-diam glass bioassay tubes 
and isolated from female pupae and adults, and from 
sources of synthetic pheromone. Pupae were kept at 
27 + 1°C and LD 16:8 and checked daily for adult 
emergence. 
_ 2 
A 10 ng stimulus of synthetic pheromone 
containing 44% ZE isomer (the mean blend found in 
pheromone glands) was used. This was applied in 10 ul of 
solvent to a strip of filter paper. Solvent was allowed 
to evaporate, and the stimulus was then kept in a 21-ml 
clear plastic cup with a plastic lid. A new stimulus was 
prepared immediately before the start of each day’s 
bioassays . 
Males were exposed to the pheromone by inserting 
the filter paper stimulus into the bioassay tube through a 
transverse slit. Each male was observed for 1.0 min and 
the total duration of wing fanning was recorded using a 
stop watch. Males were tested once during the 2nd or 3rd 
scotophase postemergence. Bioassays were conducted during 
last 4 hr of the scotophase when males are most responsive 
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(Graham et al 1964, Van Steenwyk et al. 1978) at 27 + 1°C 
and light intensity of ca. 1.8 lux. 
Male response was examined in the 6th selected 
generation. Males chosen randomly from the selected line 
were tested, as were males from the unselected laboratory 
colony as a control. The distribution of responses for 
males from the selected line and for control males were 
compared with a value, tg, based on the Mann-Whitney U 
statistic (Sokal and Rohlf 1981, p. 435). 
Results and Discussion 
selection resulted in a rapid increase 
in the total amount of pheromone (ZE plus ZZ isomers) 
produced by females in the selected line. The mean (+ SD) 
amount per female increased from 23.95 + 8.08 ng in the 
initial unselected generation to 45.78 + 7.92 ng in the 
6th and final selected generation, an increase of 91% 
(Fig. 7.1). Pheromone titer increased significantly from 
the initial level after only one generation of selection 
(U = 308; P < 0.05). The titer decreased in the 2nd 
generation to a level not significantly different from the 
control, but increased from the 3rd to the 6th generation. 
An upper selection limit did not appear to be reached 
during the 6 generations of selection (Fig. 7.1). 
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Figure 7 . 1 
Mean (_+ SD) amount of pheromone produced by females in a 
line selected for increased pheromone production (solid 
line) and by females from an unselected laboratory colony 
(dashed line) . 
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The increase in the amount of pheromone produced in 
the selected line did not appear to be an incidental 
consequence of selection of larger, more vigorous animals. 
The mean (_+ SD) pupal weight of females in the selected 
line in the 6th generation was 19.62 + 3.14 mg (n = 50), 
and was significantly less than the mean of 22.96 +_ 2.65 
mg (n = 49) for pupae in the unselected laboratory colony 
(t = 5.72; P < 0.01). The cause of the reduced moth size 
in the selected line is not known. 
The selection differential is the difference 
between the mean of the selected individuals (or families) 
and the population mean. Since selected families differed 
in their contributions to the next generation, an 
effective selection differential was calculated by 
weighting each selected family according to the number of 
their offspring used to produce families that were 
measured in the next generation (Falconer 1981). The mean 
(JL SD) weighted selection differential during the 6 
selected generations in the high line was 10.84 + 1.96 ng 
(Fig. 7.2). The average amount of pheromone produced by 
selected families was 10.56 ng more than the average 
family in the selected line. The amount per selected 
family averaged 34.3% higher than the average for the 
selected line as a whole during the experiment, and ranged 
from 27.5% m the 1st and 5th selected generations to 
195 
Figure 7.2 
Response to selection for increased pheromone production 
plotted against the cumulated selection differential. 
Twice the slope of the regression line 
(Y = 22.55 + 0.356 X) is equal to realized heritability. 
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53.6% higher in the initial unselected generation. These 
data account for the rapidity and magnitude of the 
selection response. The transient decline in the amount 
produced in the 2nd generation can not be accounted for by 
a reduction in selection pressure. 
Selection intensity is a standardized measure of 
selection pressure, and is calculated as the selection 
differential divided by the phenotypic standard deviation. 
Mean (_+ SD) selection intensity in this experiment was 
1.37 +_ 0.15. This selection intensity corresponds to 
selection of 21% of the measured families (Falconer 1981, 
p. 316). Except in the initial unselected generation, 25% 
of the families that were measured were selected in each 
generation. Thus, variation in the contribution of 
families to the next generation appeared to have a 
relatively minor effect on the selection process. 
Realized heritability. The heritability (h2) of a % 
character provides an estimate of the portion of total 
variance that is due to the additive effects of genes 
(Falconer 1981). It is this component of variance that is 
subject to selection (natural or artificial). 
Heritability estimates also measure the degree of 
resemblence between relatives, and can be used to predict 
the response to selection. A significant heritability was 
estimated for the amount of pheromone produced by female 
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pink bollworms in our laboratory population 
(h^ + SE = 0.410 + 0.089; Chapter 5). Based on this 
estimate, the predicted response to selection in the 
2 
present study was calculated as 26.65 ng [= h x 1/2 
(since only females were measured) x the cumulative 
weighted selection differential]. The observed response 
to selection was an increase of 21.83 ng, which is in 
reasonable aggreement with the predicted response. 
Realized heritability is a comparable measure based 
on the observed response to selection relative to the 
selection differential. Realized heritability can be 
measured by the slope of the regression line of the 
weighted cumulated selection differentials on generation 
means (Falconer 1981). Realized heritability ( + SE) for 
the amount produced by females in the selected line was 
0.712 + 0.130 (t = 5.47, df = 5; P < 0.01) (Fig. 7.2), 
indicating that a large portion of the phenotypic variance 
is due to additive genetic factors. This heritibility 
estimate is greater than the estimate made from direct 
measurement of the laboratory population (Chapter 5). 
Realized heritability estimates may be confounded by 
factors such as inbreeding depression or random genetic 
drift, and, therefore, may less accurately reflect 
heritability in the base population. 
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Mode of inheritance. Most characters that are 
closely related to fitness are polygenic and continuously 
distributed (Falconer 1981). This appears to be the case 
with pheromone titer in female pink bollworms. This 
conclusion is based on the pattern of phenotypic change 
observed for the selected line (Fig. 7.1). If only one or 
a few loci were involved, then the amount produced should 
rapidly approach an upper limit. Appropriate crossing 
experiments would be required to conclusively demonstrate 
multifactoral inheritance for this character. 
Pheromone blend. No direct selection pressure was 
applied to pheromone blend in the selected line, and no 
consistent change in blend was observed. The mean blend 
in the selected line in this study ranged from 42.71 to 
43.75% ZE. Simple correlation coefficients between the 
blend and amount of pheromone within generations were not 
significant (F test; P > 0.05). 
Genetic correlation is a measure of the extent to 
which two characters are influenced pleiotropical1y by the 
same or closely linked genes, and is based on the additive 
component of total phenotypic variance. The genetic 
correlation (rA + SE) between blend and amount of 
pheromone estimated from observations in this study is 
-0.861 _+ 0.036 (statistically significantly, t = 23.60, 
n = 105; P < 0.01) . This result suggests a stronger 
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genetic coupling between blend and amount than the 
estimate previously reported for females in a line 
i 
selected for a high ZE blend (rA = -0.770 + 0.020; Chapter 
6). Genetic correlations are sensitive to gene 
frequencies, and may underestimate the overall degree of 
pleiotropy if there are several genes with opposing 
effects (Falconer 1981). Nonetheless, the findings of the 
present study are consistent with the suggestion that 
blend and amount are at least partly controlled by the 
same genetic factors, and indicate an inverse relationship 
between the amount produced and the percent of the ZE 
isomer. 
Haynes et al. (1984) reported that blend and 
release rate were independent, but this conclusion was 
based on an examination of phenotypic variation in moths 
of unknown relationships. Therefore, a genetically based 
relationship between the blend and release rate cannot be 
precluded. 
Male response. Male response, measured by the 
duration of wing fanning in a still-air bioassay, did not 
change in the selected line. The mean (+ SD) response to 
10 ng of a 44% ZE blend in the selected line in the 6th 
selected generation was 6.77 + 11.90 sec, whereas the mean 
for a control sample of males from the laboratory colony 
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was 9.18 _+ 13.95 sec (not significantly different, 
t = 0.44; P > 0.05). 
o 
Evolutionary changes in pheromone-mediated 
communication systems will depend on selective forces that 
impinge on both pheromone production and response 
behaviors (Alexander 1962, Kyriacou and Hall 1986). 
Genetic coupling has been demonstrated in both acoustic 
systems (e.g., Hoy et al. 1977, Doherety and Gerhardt 
1983, Kyriacou and Hall 1986) and pheromone-mediated 
systems (e.g., Klun and Maini 1979, Lanier et al. 1980, Du 
et al. 1984), but is not without exception (e.g., 
Helverson and Helverson 1975a, 1975b, Stratton and Uetz 
1986). 
Pheromone-emitting females may increase their 
chances of attracting a mate by using a blend that elicits 
the complete sequence of attraction and copulation in the 
greatest proportion of males. Males may also benefit by 
responding preferentially to the blend most commonly 
produced. Alternatively, males could increase their 
fitness by responding to a wide range of blends in order 
to encounter more females. Pleiotropy or linkage of 
genetic factors affecting pheromone production and 
response characters has been demonstrated in the pink 
bollworm (Chapter 6); male response was found to "track" 
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changes in female-produced blends in a line selected for a 
high percentage of the ZE isomer. 
The selective forces acting on the amount of 
pheromone produced and the response threshold may be 
different than those affecting ratio-related characters. 
Genetic coupling may not be as critical for quantitative 
aspects of the communication channel. A female may 
increase the active space of the pheromone signal by 
increasing the amount of pheromone produced, thereby 
improving her chances of attracting a mate. Emission of a 
smaller amount of pheromone, on the other hand, would 
reduce the active space, and could select for lower male 
response thresholds. To the extent that response 
threshold is heritable, the male offspring of more 
sensitive males may be more likely to find mates. 
Analogously, males with higher response thresholds may 
select females that produce more pheromone. The relative 
impact of these opposing forces may depend on many other 
factors, including the presence of sympatric species using 
the same pheromone components, risks or energetic costs 
associated with responses to incorrect blends, mating 
frequency, population density, and dispersal rates. The 
distance of communication may also be limited by the 
consistency of wind patterns. Therefore, there is 
priori reason to expect genetic coupling between 
no a 
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characters related to both the amount and ratio of the 
pheromone signal. 
Genetic coupling between the level of pheromone 
production and the response threshold was not apparent in 
this study. However, selection was carried out for only 6 
generations and the selection pressure applied was 
relatively low. Weak genetic coupling may occur, and 
could be revealed by continued selection and/or greater 
selection intensity. 
Evolution of pheromone-based communication will 
depend on the availability of genetically-based variation. 
Although only limited variation has been found in the 
pheromone blend produced by the pink bollworm in a 
laboratory population (Chapter 5) as well as in field 
populations (Haynes et al. 1984), a significant portion of 
this variation is heritable (Chapter 5). Females that 
produce a higher percentage of the ZE isomer have been 
selected in a laboratory population of the pink bollworm 
(Chapter 6). Although the response to selection was 
statistically significant, the absolute change in the mean 
blend produced in the high line was only 5.6%. Thus, the 
genetic variation available to selection appears 
inadequate to bring about a major shift in the pheromone 
blend, except through mutation of a gene with major 
effects . 
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Female emission of very small quantities of 
pheromone may select males that have low response 
thresholds (Greenfield 1981). On the other hand, where 
synthetic pheromone is used for mating disruption, 
resistance could evolve by increased emission rates (Carde 
1981, Haynes et al. 1984). Responses to low pheromone 
concentrations could be diminished by a concomitant 
increase in male response threshold via peripheral 
adaptation or CNS habituation. Genetically-based 
variation is available for both pheromone emission and 
response behavior (Chapters 5 and 3). A rapid response to 
artificial selection for increased pheromone production 
has been documented in the present study, and in a 
separate selection experiment, a strain of males with 
increased sensitivity to pheromone was created (Chapter 
4). Thus, evolution of the pheromone communication system 
resulting from the use of synthetic pheromone may be more 
likely to occur through a change in the amount produced 
than a change in blend. 
Haynes et al. (1984) found no difference between 
the pheromone blend emitted by females from fields treated 
with synthetic pheromone for 3-5 years and the blend 
emitted by females from insecticide-treated fields. In a 
more recent study, however, Haynes and Baker (1987) 
reported that females from pheromone-treated fields emit 
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significantly more pheromone than females from 
insecticide-treated fields. The findings of these field 
studies are entirely consistent with predictions based on 
the present selection experiment, our heritability 
estimates (Chapter 5), and the results of selection for 
novel pheromone strains (Chapter 6). 
Chapter VIII 
SUMMARY 
The evolution of pheromone-mediated communication 
systems depends on the nature of the available heritable 
variation in both signal production and response. A 
series of experiments has been undertaken to provide a 
framework for understanding the genetic factors 
controlling the long-distance sex-pheromone system of the 
pink bollworm moth. 
air wing—fanning bioassay was developed to 
examine male response behaviors, 
to estimate the heritabilities of several aspects of 
response. Overall responsiveness was measured by the 
duration of wing fanning to the natural blend produced by 
females (44% ZE isomer). The estimated heritability for 
responsiveness was 0.38 ± 0.10. Specificity of response 
was measured by the response to either a 23 or 65% blend 
relative to the combined responses observed for both the 
off-blend and the 44% ZE blend. Estimated heritabilities 
were 0.31 + 0.18 and -0.10 + 0.79 for the 25 and 65% ZE 
blends, respectively. Thus, the heritable variation in 
response specificity was asymmetrical, suggesting that 
evolution of response behavior would be more likely for 
lower than for higher blends. 
Artificial 
threshold resulted 
selection for a reduced response 
in a significant increase in male 
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responsiveness; mean duration of wing fanning to 0.1 ng of 
a 65% ZE blend increased from 5.36 13.65 to 
17.40 _+ 26.98 sec after 6 generations of selection. 
Significant heritable variation in pheromone 
production was also demonstrated. Heritability (+_ SE) for 
the amount produced (ZE plus ZZ isomers) was 0.41 +_ 0.09, 
whereas heritability of the pheromone ratio was 
0.34 +_ 0.0. Artificial selection for altered blends was 
successful in only one direction: selection for a higher 
blend resulted in an increase in the percentage of the ZE 
isomer (+_ SD) from 42.92 _+ 0.97% ZE in the initial 
unselected generation to 48.23 + 1.25% ZE after 12 
generations. No significant change was observed in the 
line selected for a lower blend. Selection for higher 
pheromone titer resulted in a rapid increase from 
23.95 +_ 8.08 (SD) ng per female in the parental generation 
to 45.78 7.92 ng after only 6 generations. 
Inheritance of pheromone production characters in 
the pink bollworm appeared to be polygenic. Based on 
reciprocal crosses, no evidence was found for sex linkage. 
Pheromone communcation in the European corn borer is 
controlled by at least three major genes; separate 
autosomal loci control pheromone production by females 
(Klun and Maini 1979) and pheromone perception by males 
(Roelofs et al. 1987), while male behavioral response is 
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controlled by a sex-linked gene (Roelofs et al. 1987). 
Quantitative, and apparently polygenic bases have been 
reported for the pheromone systems of most of the other 
species that have been studied (e.g. Du et al. 1984, Boake 
1985). Genes controlling most aspects of 
reproductive-isolating mechanisms in two species of Colias 
butterflies are located on the X-chromosome, including 
components of both pheromone and visual communication 
systems (Grula and Taylor 1979). In contrast, loci 
controlling the multicomponent courtship pheromone system 
Of Drosophila melanogaster are distributed throughout the 
genome (Averhoff and Richardson 1976). Both autosomal 
and sex-linked loci are involved in the genetic control of 
the pheromone system of Choristoneura species (Sanders et 
). Similarly, the mode of inheritance appeared to 
be different for different aspects of the pheromone 
systems of tussock moths (Hemerocampa spp) (Grant et al. 
1975). Codominant, autosomal loci control the pheromone 
v iacinier iv/U j systems of several species 
these diverse findings, it appears that the mode of 
inheritance of pheromone systems is quite variable, and 
that communication systems may have both variable and 
invariable components under different genetic control 
(Grula and Taylor 1979). These conclusions are supported 
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by analogous studies of acoustic communication. Thus, 
each species may require independent examination. 
Evolution of resistance. Rapid evolution of 
resistance to pheromone used for mating disruption has 
been suggested (Beroza 1960, Roelofs and Comeau 1969). 
Possible mechanisms for the development of resistance 
include a shift in the pheromone blend, an elevation of 
the emission rate, or increased reliance on nonpheromonal 
cues in mate location (Carde 1981). Females emitting 
pheromone may improve their chances of attracting a mate 
by using a blend that elicits the greatest response from 
the opposite sex. Males may similarly benefit by 
responding preferentially to the blend most commonly 
produced. Stabilizing selection could thus simultaneously 
limit variation in the blend produced and in response 
behaviors. Alternatively, responders could increase their 
fitness by responding to a wide range of blends, and thus 
encounter a larger number of females. Thus, the role of 
male response specificity is somewhat ambiguous, and may 
depend on the presence of sympatric species using 
different blends of the same pheromone components, costs 
of responding to incorrect blends, mating frequency, 
population density, dispersal rates, and the degree of 
genetic interdependence between pheromone production and 
response characters. 
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The success of artificial selection for altered 
blends in a laboratory population of the pink bollworm 
implies that field populations are likely to have 
heritable variation in aspects of pheromone production as 
well. However, the blend produced by females in 
pheromone-treated fields has not shifted (Haynes et al. 
1984). This suggests that selective forces acting on the 
populations studied by Haynes and co-workers were either 
inappropriate or insufficient to bring about detectable 
changes, or that additional counteracting or stabilizing 
forces are also operative in field situations. The 
observed asymmetries in both pheromone production and 
response may represent an example of such forces. 
Response to 
selection for the production 
of blends with higher and lower percentages of the ZE 
isomer was asymmetrical: mean blend in the high line 
increased, but no change was observed in the low line. 
This suggests that heritable variation is greater in the 
direction of higher blends. However, heritable variation 
in male response was greater for lower blends. Asymmetry 
is expected if the selected character is closely related 
to fitness, and selection in the direction of decreased 
fitness should be more rapid (Falconer 1981). Since 
fitness depends on coordination of signal and response 
characters, the opposing asymmetries 
may act in concert to 
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resist large changes in the communication channel. 
However, heritable variance in both production and 
response was present for blends near the 44% ZE blend 
normally produced by females. 
Field populations of P. gossypiella are managed by 
the application of a 1:1 mix of the (Z.»Z.)_ an<^ 
(Z,E)-isomers (Doane and Brookes 1981). The effectiveness 
of mating disruption could depend on how closely the 
formulated disruptant matches the naturally 
emitted pheromone. Females produce a blend containing ca. 
44% of the (Z,E)-isomer (Chapter 5). Use of the natural 
blend might elevate the level of mating disruption, and it 
might allow the dose of disruptant to be decreased. The 
likelihood for the development of resistance to the use of 
synthetic pheromone could also be reduced by using the 
natural blend. The use of blends with higher or lower 
proportions of the ZE isomer could result in shifts in the 
opposite direction (directional selection), or in reduced 
variability in the blend produced and a narrowing of the 
male response spectrum (stabilizing selection). 
Resistence may be less likely if the normal 44% ZE blend 
is used because stabilizing selection could not occur, and 
a larger shift in the blend produced by females would be 
required to render a change distinguishable by males. 
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The pink bollworm is a highly dispersive species 
(Stern 1979). Since the response to selection is 
relatively weak, a low level of immigration could be 
sufficient to counteract the impact of selection for a 
small shift in the pheromone blend such as observed in the 
laboratory studies reported here. 
Emission of very small quantities of pheromone by 
females may select males that have low response thresholds 
(Greenfield 1981). On the other hand, the most direct way 
for resistance to evolve may be through increased emission 
rates where synthetic pheromone is used for mating 
disruption (Haynes et al. 1984). A concomitant increase 
in male response threshold would reduce responses to 
inappropriate stimuli. Genetical1y-based variation was 
observed for both emission and response characters. A 
large and rapid response was observed in females selected 
for increased pheromone production. This suggests that 
evolution of this pheromone system may be more likely to 
occur through quantitative rather than qualitative changes 
in the communication channel. Field data consistent with 
a quantitative response to selection by synthetic 
pheromone he, been reporter! (H.yne, 
1987) . 
Only a small 
response threshold 
response to selection for a reduced 
was observed for males. However, in 
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contrast to the narrow-variance signal produced by 
females, male pink bollworms are responsive to a 
relatively broad range of pheromone blends (Flint et al . 
1979, Haynes et al. 1984). Blends significantly different 
from the mean blend produced by females may be associated 
with an increased activation threshold for male response 
(Roelofs 1978). Thus, a similar response level could be 
obtained for various blends by altering the stimulus 
concentration, as demonstated in these studies. This 
implies that changes in the amount and blend of pheromone 
emitted could have equivalent effects on the communication 
system. Interpretation of the role of the responding sex 
is made difficult by this confounding of blend and 
concentration effects. 
Genetic coupling. Efficient pheromone-based 
communication depends on the coordination of signalling 
and receiving individuals. Evolutionary changes in 
pheromone-mediated communication systems will depend on 
selective forces that impinge on both pheromone production 
and response behaviors (Alexander 1962, Kyriacou and Hall 
1986). Control of signal production and response behavior 
by the same or closely linked loci has been demonstated 
repeatedly for both acoustic and pheromone—mediated 
systems. However, such genetic coupling is not without 
exception. 
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Evidence for pleiotropy or linkage in genetic 
factors affecting pheromone production and response 
characters has been presented in this study of the pink 
bollworm. Male response appeared to "track” analogous 
female production characters that were subjected to 
artificial selection. Thus, selection for altered blends 
in females may also result in a corresponding change in 
male response thresholds. The genetic and behavioral 
coupling suggested by these data could result in positive 
assortative mating based on pheromone genotypes, and could 
greatly enhance the speed at which new pheromone strains 
could develop in response to selection in the field. 
Further studies. Few previous studies have 
examined the genetic basis of phenotypic variation in the 
pink bollworm. Several eye and body color mutations have 
been described for the pink bollworm (Bartlett and Lewis 
1978, Bartlett 1979). Visible markers such as these have 
been used to monitor field populations (Bartlett and 
Lingren 1984), but their use in genetic studies is limited 
by the high chromosome number in this species (n = 30). 
Responsiveness to different blends of (Z,E)- and 
(Z,Z)-7,ll-hexadecadienyl acetates has been studied for 
t»r,« closely related Pectihophor, specie, lndlge„ous to 
Australia (Rothschild 1975). Based „„ phero.ooe-1rappiog 
1«t«. P. &ossypiella, p. ends., Co„„„„ ,„d p. ,c,cl„r. 
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(Holdaway) were maximally responsive to blends containing 
50, 33, and 10% ZE isomer, respectively. Crosses between 
P. gossypiella and 1^. scutigera are at least partially 
successful (LaChance and Ruud 1979), and may provide a 
promising avenue for further research on the genetic basis 
of pheromone-based communication in the pink bollworm. 
The results of the studies that have been reported 
here indicate complex interactions between genetic factors 
affecting pheromone production and response behaviors. 
Data have been provided on a number of aspects of the 
communication system and may serve as the basis for the 
formulation of a model to simulate potential changes in 
the system that result from different selection forces in 
the field. Such a model would provide additional insight 
into the genetic basis of this system, and would 
facilitate an assessment of alternative control strategies 
that are based on mating disruption with synthetic 
pheromone. 
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